A"

Particulate

TABLL 3-10

Sources and [stimsled Atmosgheric Emisstons of Manganese in 19682

Averdage or

Particulate Predomingnt

Control
Effrcrency

fstimated 1948

Per-ent of

Product/Process tatyitons Rn Content Particle Size or Prevalence  Mn Emysston factor 1368 Volume Emissions Totél tmisstons
{kg/mt product) {X) {um) ot Use (X} {kg/ml product) {103 at product) tont}

Mn metal/ NA NA NA NA 2.5 24 295 V.2
electrolytic

ferromenganese/ 208 15-2% 0.3 9% 2.1 481 1010 $.9
blast furnace

Ferromanganese/ A 20-28 <? NA 12 213 3330 19.3
electric furnace {3IX Mn Oxide)

Silicominganere/ A NA KA KA 35 108 3180 219
electric furnace

Pig tron/blast 15 0.% NA 7 0.0N 80,700 110 53
furnice

Steel/open hedrh 4-10.% 0.5 0.9 40 0.026 59,000 1506 8.7
fyurnace

Steel/basic osygen 23 3.2 0.5-1.0 97 0.022 43,500 96? 5.6
furnace {4.4X Mn304)

Steel/electric 3 5-8.8 3.1 <3 18 0.039 14,500 62 3.2
furnace {4% Mn0)

Cast iron/cupols [R] 2 NA 25 0.185 15,200 2510 14.%
rurrace

Welding rods NA A NA NA gb 2.0 1. 0.1

Nonferrous alloys NA 13 NA NA 4 9 1b 54. 0.3

Satlertes nA XA NA NA sb 16.30 9 0.

Chemica)s ¢nd nA NA NA NA s s4b 210 1.6
miscelluneoys

Rining uA nA NA NA 0.1b 43.4b ‘. 0.03

Coal combustion 40-10 0.02-0.03 NA 1 0.0042 462,000 1950 1n.3

fesidual fue: ot} NA A NA 10 NA 6691106 bb) 64 204

YSnurce: Adepted from U.S. (PA,

bOn 4 Lasty of tons manganese, not tons product

WA « Mot avatleble
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major emtsston source, has declined substantlally; comblined 1981 producilon
was ~314 of 1968 production, and 14982 production estimates showed substan-
t1al further declines (see Table 3-7). Process emissions of manganese may
also be .auch lower ithan those indicated 'n 1968. Blast furnaces, reportedly
the most prolific polluter of any metallurgica' process when not controlled
{Wurts, 1359), have not been used since 1977 {(Matricard} and Downing, 1981)
In addlilon, more recent measuremsnts Indicate lower emission factors for
controlled submerged-arc facilities (Table 3-11). Amolent alr measuremznis
in the vicinity of ferromanganese manufacturing indicate that iecent manga-
nese levels were lower by about an order of maynitude th*n tho:e recordged
during the mid-195Cs (see Section 3.6.1.2.).

3.4.2.2. IRON AND STEEL MANUFACTURE -- There is considerable loss of
m.ngarese in Yron and steel production. Manganese s lost to fume, slag or
other waste products at e2ch staye of production; however, the most signifi-
cant loss ¥s to fume and slag 'n the furnace. Particulates from the furnace
tend to be submicron in size. Table 3-10 Indicates that particulaie manga-
nese <ontent (<5%) Ys less than for ferromanganese manufacture, but total
emisstons dre comparable because of the larger production volume. Jther
sources (U.S. EPA, 1981a) nave listed a higher manganese content (9.7X) for
aerosol from a steel electric furnace (see Sectlon 3.4.3.). Manganese
emissions 'n 1968 were est'mated at ~b500 mt, or ~37% of total U.S.
emissians (see Table 3-10). Production levels have decreased somewhat; pig
fron production in 1950 was 78% of 1968 levels, anc 1980 steel production
was B5% of 1968 levels'(DeHurf, 196)-1980; DeHuff and Jones, 1981).

3.4.2.3.  FOSSIL FUEL COMBUSTION -. Manganese s emitted to the atmo-
sphere by the burning of coal and other fuels containing natural trace

levels of manganese. The use of manganese fuel additives constitutes an

o e Ol i i 24
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Estimatad Manganese Emisstons from Controlled Submerged-Arc Furnaces Producing Manganese Alloys

TABLE 3-1})

Particulate

Manganese

Furnace Typc Product Control Type Control Efficlency Emiss.on Factor Emission factord Reference
(%) (xg/int product) (kg Mn/mt product})

Open silicomanganese scrubber 99.1 0.13 0.1% y.S. EPA, V9N

Open s¥licomanganese scrubber 94.0b 3.25 0.65 U.s. EPA, 19N

Open high carbon scrubber R 0.79 0.16 u.s. EPA, 1981b
ferromanganese )

Semi-sealed silicomanganese scrubber >99.1b 0.05 0.010 u.s. EPs, 19N

Semi-sealed high carbon scrubber >39 1b 0.03 0.015 U.S. EPA, 1971
ferromanganese

Semi-sealed high carbon scrubber 98b 0.6 0.08 U.S. EPA, 1981b
ferromanganese

Tota'ily sealed si1icomanganese scrubber i n_0F? 0.012 u.s. EPA, 1979

dassimes manganese content of particulate Vs 20%.

tooe: not include loises during tapping cf the metal.

€d
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va ous fuels and preparations are shown in Table 3-12. The ra. je of manga-
nese content in coal ash is presented in Tabie 3-13.

Coal combustion was estimated to be the source of ~11% cf total manga-
nese emissions in 1968 (see Table 3-10). The emission factor assumed an
adverage mangdnese content of 26.4 ug/g in coal, and penetration to the
atmosphere of ~16% (U.S. EPA, 1971). U.S. consumption of coal tn 1980 was
640.4x106 mt, an Jincrease of ~39% over 1968 (Energy Information Adminis-
wration, 1980). However, recent measurements from coal-fired power plants
equipped with electrostatic precipitators (ESPs) showed manganese penetra-
ttons of 0.07-0.13% for one plant, and 1.6% for another plant with partial
ESP malfunction (Ondov et al., 1979). ¢Estimates of average penetrations for
the range of plants currently operating are not avatlable.

While collection efficiencies may be high, some evidence indicates that
metal concentrations are higher In the smaller-diameter par'icles which are
Tess efficlently collected. Analyses of size-fractioned fly-ash coilected
from a coal-fired power plant precipitator showed that manganese concentra-
tions were highest (1090-1180 yug/g) 1in particles of 0.2-1.5 um, whereas
concentrations of 500-800 ug/g were found among particles of 3 to >140
um (Smith et al., 1979). A similar tremd but with lower concentrations
{150-470 ug/g, increasing as particle size decreases) was found In air-
borne matertal not retained by a cyclonic precipitator in annther coal-fired
power plant {Davison et al., 1974). The elemental mass median diameter for
manganese for the two ESP-equipped plants described above was ~2.3 um
for the more-efficient and ~8.2 um for the less-effictent ESP (Ondov et

al., 1979).
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Mangancese Concenirations of Coal, fuel 011,
Crude 0Y1, Gasoline, fuel Additives and Motor Qi1+

TABLE 3-1

2

Number Average
Sample of Samples Concentration Range

Coal 16 31 uwg/g 5-80 ug/g
Residual fuel oil 20 0.136 ug/q 0.012-0.27 ug/q
Crude oil 20 0.037 ug/yg <0.001-0.15% ug/qg
Regular gasoline

8rand A 10 <0.005 yg/me <0.00-G.01 yug/m&

Brand B 9 <0.0066 ng/me ~0.001-0.01 yg/m2
Premium gasoline

Brand A 10 U.0144 ng/me 0.002-0.02 ;37

Brand 8 8 0.0052 ng/me 0.002-0.02 .gsuid
Fuel additives

Gas treatment 3 0.038 ug/me 0.019-0.042 ug/mi

fuel-mix tune up 3 <0.5 wg/me <0.5 pg/me

tngine tune up 3 <0.003 pg/mp <0.003 ug/me

Gas power booster 3 0.009 ug/me 0.008-0.010 ug/me

Gas treatment 3 0.012 ug/m 0.016-0.019 ug/me

Gasoline antifreeze 3 0.007 ug/me 0.006-0.009 .g/me

Gas booster 6 0.051 ug/me 0.008-C.096 ny/mi

Carburetor tune up 3 - 0.272-2.71 ug/me
Motor ol 4 0.023 ug/me 0.004-0.08 pg/my

*Source: U.S. EPA, 1975, based on reports of Ruch et al., 1973 and Jungers, 1913

Gd
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TABLE 3-13

Manganece Lontent in Coal Ash*

Type of Coal

Range of Content

(mg/y)
Pennsylvania Anthracite 0.05-0.9
Texas, Colorado, North 0.1 210
and South Dakota
West Virginia 0.12-1.8
Montana 3.3
Alabama 0.4-0.5

*Source:

Abernathy et al., 1969
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The manganese content of petroleum 1s lower by >2 orders of magnitude
than that of coal (see Table 3-'2). Thercfore, regarcdless of changes 1in
residual fuel oll cuwbustion and emission control practices, o)1 combustion
const?tutes a minor source of amblieni manganese.

Piver (1974) reported that MMI production prior to its use In unleaded
fuel was ~500 tons/year, or ~125 tons as manganese. Ethyl Corporation
reported that during peak use of MMT prior to the ban in 1978, consumption
was ~3750 tons/year, or ~940 tons as manganese (Hall, 1383b). Estimates
of the percentage of manganese emitted from the tallpipe range from 15-30%
of the amount burned (Ethyl Corporation, 1972; Pierson et al, 1318), result-
fng Yn an estimate of 140-280 tons of manganese emitted per year during the
peak of MMT use. The emitted marganese has been described as consisting
primarily of Mn304, in particles ;f 0.30-0.38 um mass median diameter
(Ethyl Corporation, 1972). However, the emission of water-soluble forms
from catalyst-equipped vehicles capable of produc\&g H2SO4 cannot be
ruled out (Plerson et al., 1978). The manganese content of particulate from
two automobiles burning gasoline containing MMT (at 0.125 g/gal} ranged from
1.4-3.1%, and averaged 3.0% (Ethy) Corporation, 1973). Current use of MMT
at ~6.05 g Mn/gal in ~20% of leaded gasoline (Hall, 1983) results n a
substantially lower emissions estimate than that given for 1977,

fstimates have been made of ambient air concentrations of manganese
which could result from specified levels of MMT usage. These estimates are
based on analojy to lead, for wkich both fuel concentrations and resulting
amblent concentrations are known. Accordingly, 100% usage of MMT at 0.125 g
Mn/gal would be estimated to result 1in ambient manganese concentrations
ranging from 0-0.25 ug/m3, with a mean urban value of 0.05 ug/ma. in

addition to already existing concentrations (Ter Haar et ail., 1975) (see

Section 3.6.1. for data on existing ambient manganese concentrations).
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Additional munganese concentrations of 0.16 uq/m3 as an average and up

to 0.52 ug/m3 near freeways would be estimated for Southern Californta
(Hidy et al., 1977). Usage levels lower than 0.125 g Mn/gal wouid result in
proportionally lower estimates for amblent ailr.

Actual vehicle em!ssions of manganese were calculated by sampling air in
tunnels of the Pennsylvania turnpike during 1975-1977 (Plerson et eal.,
1978). Calculations include the total vehicle-generated aerosol, not simply
exhaust. Manganese :content of fuel at uproad turnpike service plizas was
also monitored. Manganese emission rates for gasoline-powered vehicles were
0.03-0.35 mg Ma/km during 1975-1976 while MMT use was minimal (1-4 mg
Mn/gal). By 1977 MAT use was more frequent, glving an average for all
gasoline sampled of 16 mg Mn/gel, and the emission rate was 0.08 ing Mn/km.
However, :(anganese concentrations in the tunnel air, which averaged 0.11
pg/m3, showed no trend aver the period of study. The reason for this
Jack of an overall increase was that manganese emissions for diesel trucks
were large (0.32-0.69 mg Mn/km) and overshadowed the change resulting from
HMT. Part of the manganese in diesel emissions origirated from road dust,
but the source of the remalnuer was unknown, as only traces of manganese
were present in the diesel fuel (Pierson et al., 1978).

3.4.3. Relative Importance of Manganese Sources at Several Locations as
Determined by Masc Balance and Enrichment Models. The avatlabtlity of
increasirgly sensitive analytical techniques for determining the elemental
composition of ambient alrborne particulate matter has enabled thc use of
statistical methods to identify the most 1ikely emission sources. Elemental
composition pafterns for ambient particulates at a “"receptor” or moritoring
site can be compared with known or statistically constructed ccomposition

patterns for particles from a number of sources. Using chemical mass

3-39



http://il-i.-i.-ii

N

balance techniques, the total amblent aerosol mdass ang the mass of each
element at the receptor can then bc apportioned among the sources (Cooper
and Watscn, 1980; Alpert and Hopke, 1981; U.S. tPA, 1981la). The separation
of coarse (e.qg., >2.5 ym) and fine particle fractions by a dichotomcus
sampler can result in better resolution of sources {Dzubay, 1980; Alpert end
Hopke, 1981). Many applications of source apportionmen. ‘techniques have
included data on manganese.

In the Portland Aercscl Characterization Study, 4 prliort determination
was made of the elemental composition of aerosols . .wm several sources
(Tatle 3-14) (Cooper and Watson, 1980; U.S. EtPA, 198l1a). The manyanese
component varted from 173 mg/q (17.3%), tor ferromanganese furnace enis-
sions, to "0 mg/g", for leaded automobile exhaust. The elementa) composi-
tions for several.sources (soll, rcad dust, asphalt production, rock crusher
and coal fiy ash) were so similar that they could not readily be disting-
uished; the manganese concentration of these aerosols varied only from 0.3-2
mg/g {Cooper and Watson, 1980).

Dzubay (1980) used six source terms for apportioning Regional Air Pollu-
tion Study (RAPS) data from dichotomous samplers in St. Louls, Missourt.
Some of the terms used were composites, representing several rnatural and
anthropogenic processes which could not be distinguished. The crustal-shale
component included sodl or dust suspended by wind or human activities (e.q.,
vehicle traffic, earth-moving, argriculture, etc.), particulates from
quarrying or other manufacturing processes, and/or fly ash. The crustal-
limestone component included suspended calcium-rich soll, cement dust from
vehicles or cement manufactﬁre. and/or other manufacturing processes. The

term for steel industry emissions might also have included natural or

anthropogenic suspension of tron-rich 5011, The elemental compositions for

p.9
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TABLE 3-14

Mangenese Concentration in rine (<2.0 um) and Coarse {2.0-20 um)
Particle fractions of Aerosols frocm Several Sources in the
Portland Aerosol Characterization Study*

Mn Concentration (mg/q)

Acroso! Scurce Fine Particles Coarse Particles

Marine NR 0.0
St 2.0 0.85
Read dust 3.23 1.0
Leeved auto exhaust 2.0. 0.0
Residual o1l combustion 0.46 0.46
Distiliate ol 0.14 NR
Vegetative Burn ) 1.2 1.2
Vegetative Burn 2 0.47 0.47
Kraft recovery voller 6.3 5.2
Sulfite recovery boiler 0.54 0.54
Hog fuel boiler 5.1 2.9
Aluminum processing 0. 6.0
Steel electric furnace 87 87
Ferromanganese furnace 113 ' 173
Carborundum 0.35 0.29
Glass furnace 0.02) 0.03}
Carbide furnace 0.42 0.36
Asphalt production 2.0 NR
Rock crusher 0.8 NR
Coal fly ash 0.3 NR

*Source: U.S. EPA, 1981a; Cooper and Watson, 1980

NR = Not reported
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source aeresols were assigned 3 priord, based on data from varlous studies.
The manganese component of each source, and the estimated contripbution of
edch source to ambtent manganese and total aerosol mass are given for the
coarse particle fraction at one St. Lou'ls receptor site {(site 106} for
August and September, 1970 (Table 3-15). Dzubay et al. (1981) used similar
source terms in an analysts of data for January, 1979, from a single dicho-
tomous sampler in Benver, Colorado. These source apporticnment data for
both fine and coarse particle fractions are 3lsc shown in Table 3-15. A
comparison of ccarse particle sourc»s for the St. Louls and Denver sites
shows that the proportion of manganese contributed by the crustal-shale
source was much greater in Denver, in the absence of the paint pigment and
steel sources found in 5t. Lculs. Comparison of fine and coarse fractions
in Denver shows that while crustal-shale was the predominant source of man-
ganese In coarse partiicles, vehicle exhaust evidently was the main manganese

source in fine particles.

Yopke and coworkers (Alpert and Hopke, 1981; Liu et al., 1982) appl\ed

target transformatior factor analysis (TTFA) to other subsets c¢f the St.
Louls RAPS data. .In TTFA, source aeroso) composition is determined through
both a prior) knowledge of source characteristics and a posteriori selection
and adiustment based cn factor analysis ind chemical element balance tech-
niques applied to the receptor data set. These source refinement methods
were applted individually to fine and coarse data sets at RAPS site 112 for
July and August, 1976 (Table 3-16, part A), and to all 10 St. Lou’s RAPS
sites during a single wveek beginning July 31, 1976 (Taole 3-16, part B)

(Alpert and Hopke, 1981).
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TABLE 3-15

Manganese Concentration ¥n Aercsols from Vari,ous Sources, and [stimated Percent Contribution of Each Source to Observed
Amblient Manganese and Tolal Aerosci Mass at Two Sttes

5

j . .

3 St. Louls, MO RAPS Site 1063 Denver, €O Sited

Source Mn in Source Contributtion to Ambiert Contribution to Contribution to Axbient Contridbution to
Aerosol (mg/g) Aerosc) Rass (%)€ Ambient Mn (%)€ Aerosol Mass (X)€ Anbient Mn (%X)€

.,

N FINE PARTICLESY

:.5}{ ’ Ammontum sulfate 0.0 NR NR 15.8 0

S Motor vehicle exhaust C.6 NR NR 25.3 50
rustal-shale® 0.85 NR NR 2.2 20 -
Crustal-limestone® 1 NR NR 0.5 0

2 Road salt 0.0 NI N} 1.1 0

’ Refuse Yncineration 0.7 Nl Ni 0.7 [

). w

F (]

; -~

! w COARSE PARTICLESY
Ammonium sulfate 0.0 7.1 0.0 0.4 0
Motor vehicle exhaust 0.6 4.5 2.9 1.3 5.6
Crustzl-shale® 0.85 51.% 3] 54.0 66.7
Crustal-limestone® 1.1 29.4 25.7 2.5 5.6
Patint pigment 4.0 3.4 8.6 L] Kl
Steel® 31.0 1.9 48.6 Nl N}
Road salt 0.0 L1 Nl 10.9 0
Refuse inzineratticn 0.7 N} NI 0.6 0

d0ertved from Dzubay, 1980

DperVved from Druday et al., 198)

Ciercentages may ndt sum to 100X when mode) under- or overestimates Mn concentration or aerosul mass.
4st. Louts study: fine <2.4 wm, codrse 2.4-20 um. Denver ctudy: fine <2.5 ua, coarse 2.5-15 um
€Composite of natural and anthroj sgenic sources; see text

Ml - Not included Yn analycis for tiivs site; NI « not reported

AN
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; TABLE 3-16

) Manganese Concentration in Aerosols from Various Sources, and f£stimated
! Percent Contribution of Each Source to Observed Ambicnt Hn and lotatl
' Aerosol Mass, Based on Target Transformaiion Factor Analysis.d
3 Source Mn in Source Contribution to Ambient Coatribution to
: herusol (mg/g) Aerosol Mass (%) Aubient Ma (%)E

A. RAPS Site 112, St. Louls, MO, July and August, 1976

FIKE FRACTION (<2.4 um)

3 % Motor vehicle 0.0 15 0.0
' Sul’ate 0.0 65 0.0
Fly ash/Soll 0.7 n 13.5
Paint 4.8 i 11.8
w Refuse incineration 8.6 4 64.7
-~ Unknown NR 4 LR
P
COARSE FRACTION (2.4-20 um)
Sotl 0.8 54 38.5
Limestone 1.6 21 38.5
Sulfate 1.0 12 10.3
Pdint 1.2 1 1.7
B. 10 RAPS Sites, St. Louls, MO, Week of July 31, 1976
FINE FRACTION (<2.4 um)
Sulfate 0.9 84 0.0
Steel 1.1 1 3.3
Motor vehicle 0.7 6 6.1
Zinc/Lead smelter 0.8 2 4.2
Unknown NR 1 NR

cl'd



TABLE 2-16 (cont.)

.

Source Mn in Source Contribution to Ambtent Contribution to
Aerosol (mg/g) Aerosol Mass (%) Anbient Mn (X)b

COARSE FRACTION (2.4-20 um)

PII. V-TY

. w Soil 1.1 31 21.1

: - Steel 23.0 S 15.0

i w Limestone 0.0 39 0.0
Sulfate 1.7 1 11.3

Soil1/Fly ash 0.0 10 0.0

Unknown - NR 4 NR

dDerived from Alpert and Hopke, 1981

bPercentages do not sum to 10G% because model slighily under- or overestimated Ma concentration.

NR = Not reported
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A direct compartson of the TTfA resuits with those of Dzubay (1982) for
St. Louds s not possible since the same data sets were not used. The stud-
fes ev-dently detected differences in aerosol sources aumong the sites. Site
106 (sce Table 3-15) and c2veral of the ciher sites (Table 3-16, part 8) are
located in close proximity to iron works ary foundries, whereas site 112
{(Table 3-16, part A) is not. These differences are refleited in the absence
of a resolvable steel source at the latter site. However, the refinement of
sources by TTFA rcsuits Vo certaln drreqularitles where a minor elem2nt suzh
as manganese 15 concerned. The attribution of coarse-fraction manganese to
a sulfate source term ({Table 16) was acknowledged by the authors to be
trreguiar. This result may be a sampling artifact (1.e., due to condensa-
tion of SO2 on coarse Mn-containing particles) or may result from “scurce
Tumping® due to an 1inabiiity to resnlve other minor, manganese-containing
sources. The Gbsence of manganese from the limestone and soil/fly ash
source terms {(Taole 3-16, part B8) ¥s also rather implausible, and further
tndicates the deficlencles of this technique.

In source apportionment studies of particulates in New York City, manga-
nese was used as a tracer for suspendad dust and solls (Kleinman 2t al,,
19499; Knel> et al., 1983). Rcgresston models were used to derive coeffic-
tents relating tracer mass in ambient air to mass of particulates from the
traced source. Other sources which also undoubtedly contributed tc airborne
manganese, such as vehicle emissions, fuel oll burning, and tincineration,
were traced by other elements. Since the manganese concentration in dust
and sol1 probably s relatively stable, changes in the manganese coefficlent
over time are probably related (inversely) to changes in relative contribu-

tions from nonsoll-related sources. From the period 1972-1973 to the period

'\977-1}72, the @angane.e coefflictent (s S.€.) for total suspended particu-
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late (T7S?) ncreased from 420+200 to 840+311, indicating a substantial
reduction of manganese emissions from nonsodl scurces. These changes wou'd
be expected due to ‘he elimination of MMT usage in unleaded gasoline and
reduciicn of ‘incineration during this period (Kleinman et al., 1980; Kne'p
et al., 1983). A concommitant reduction in inean TSP from B82:2 to 54+2
ug/m3 wds seen during this period. However, during the pericd
15:9-1980, a decrease in the manganese coefyvicient to 670+160 seemed to
ingicate increasing nonsoill contributions, and was accompanied by an
Incredase 1n mean TSP to 66:2 ug/m3 {Kneip et al., 1983).

A simpler method for making 1Inferences about particulate sources from
receptor data s by the use of an enrichment factor (EF) mctel. The ratio
of the concentration of the element In question to that of a reference
element 1s compared for an ambient aerosol and a bAackground aercsol or
source matertal, to determine whether the element 1s enriched with respect
to the refererce element (Cooper and Watson, 1980}). The crustal coatribu-
tion of manganese 10 amblent aerosols has been evaluated using aluminum as a
crustal reference element, as follows:

{Mn/AT)
Crusta) EF = — .~ alt

Hn/Al
(Hn/A1) crust

values for elements arising exclusively from crustal materjal should be near
unity, although some vartation would be expected due to natural vartations
in soill (see Section 3.4.1.). As meistioned previously, crustal material

suspended by natural processes is indistinguishable by these methods from

crustal materlal suspended by human activities. However, values of crustal

"~ EF for elements such as lead, which are highly enriched from noncrustal

sources, may be as high as 10A (Bernstein and Rahn, 1979; Lewis and

Maclas, 1980).




Duce et al. (1974) reported a crustal EF of 2.6 for manganese over the
Atlantic Ocean north of 30°N. Bernstein and Rahn (1979} reported the
2lemental compgosition of fine (<2.5 um) and total aerosol from New York
(tty tor August, 1976. They derived a crustal £F for manganese of 4.6, and
also reported EF values of 5.7, 0.56 and 0.54 for Philadelphia, Bermuda and
Tucson, respectively. Although the latter two values were lower by a factor
of 10, manganese was not considered to be enriched in the New York aerosol.
However, these EF values were based on total aerosnl analyses. (Calculation
of EF for the fine particle fraction alone gives a value of 14.3, cr =3
times higher.

Bernstain and Rahn (1979} used a crustal Mn:Al ratio of 0.011 to calcu-
late crustal EF for manganese. Very similar ratlos are found by examining
the "crustal-shale” composition data used by Dzubay (1980} and Dzubay et al.
(1981), and tha soil, road dust and rock-crusher aerosol compnsition data
reported by Cooper and Watsor (1980). Using this ratio as a crustal refer-
ence, the EF model was apnlied to dichotomous sampler data sets for St.
Louis, MO (Stevens et al., 1973; Dzubay, 1980; Alpert land Hopke, 1981},
Charleston, WV ({Stevens et al., 197B; Lewis and Macias, 13R0), Denver, CO
{Czvhay et al., 1981), Houston, TX (Dzubay et al., i982) and several other
cities (Stevens et al., 1978). Crustal Ef for the coarse aerosol fraction
{the Tower size cut-off varying from 2.0-3.5 um) ranged from ©.35-4.76
with an unweighted mean value ¢ 1.9. ~or the fine fraction, values ranged
from 1.83-356.8, with a mean of 14.4. The ratio crustal €F (fine fraction):
crustal Ef (coarse fraction), ranged from 2.02-28.9, with a mean of 8.1.
Thus, 1t can be inferred by this rough 1llustration that manganese in coarse

aeroso® fractions tended to be associated with aluminum in ratics found in
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crustal matertal. Lower relative concentrations of aluminum Yn fine frac-
ttons indicated a greiater Influence of noncrustal manganese sources in fine
than in coarse particies In ambient aerosols.

The above conclustons were reached based on data sets which were
averaged over time anc/or 1ocal geography. However, a single sample from
one St. Louls site (RMPS site 108) strongly influenced by steel precessing
showed an tF for the coarse fraction {16.9) s)lightly greater than that for
the fine fractton (15.6) (Dzubay, 1°80). Therefore, industrtal processes
may be expected to have local influence on manganese levels in the coarse
particle fracticn, Hut this influence ts likely to be less pervasive than
ine fraction enrichment, due to the more rapid deposition of the larger
particles (Kleitnman et al., 1975}.

3.5.  ENVIRONMENTAL FATE AND TRANSPORT PROCESSES

3.5.1.  Principal Cycling Pathways and Compartments. Garr21s et al.
(1975) presented the pre-human cycle and the present-day cycle of manganese
(Figure 3-1). Maﬁganese, an element of Jow volatility, tends to settle out
near sources of pollution and to be of concern in locatl or reglonal environ-
mental problems. However, fine particulate materials containing manganese
can be distributed world-wide. According to Garrels et al. (1975), the
major exchange of manyanese between the atmosphere and the pre-numan earth
surface was due to continental dust being swept into the atmosphere by winds
and then falling back onto the earth's surface. Today this dust flux 1s
augmented by manganese emitted to the atmosphere 1in particulate form by
industrial activities. The total river fiux of manganese to the ocean today
is estimated to be nearly three times the pre-human flux. Th)s increase
represents principally an increase in the rate of stripping the land's

surface from about lGOxlO'4 g/yecar pre-human (2 today's rate of about

3-49




L e

A

05-¢

PRE-MAN CYCLE
AIMOSPHERE
Pl | h
pUST
st 1o
0
A —_—

AVERs | oceans

m T
{ 4
SEDMENTATION
(13
AY P4
SEDENTS
0xw0* N
VOLCANC SUBMARNE
oust VOLCANISM

s ‘\ 2
L)
YOLCANISM

ruﬂ: AITERATION

FLUXES 10° g yi'

PRESENT DAY CYCLE

DUST
[} ]

AVMOSPIERE

PARTICULAIES
— -

- 81
EMISSION 20
0
14 T \
LAND RIVERS
A———=——1s  ocean
(GAINTIG ) 1450 \
VOLCANIC UPLFT
HININING 1500 SEDIMENTATION
60 %7
\ \
OHE ~1
SEDIMENTS
11L0SS §10)
SUBSEA
VOLCANISM
203

\ \
S~ VOLCANSM
MAFIC ALIERATIONH

. RESERVOR MASES ¥0'g

FIGURE 3-1

The Global Cycles of Manganese

Source: Garrels et al., 1975

6l'd



b o el e bl Ssiniis titning VIR SO0 S P U P

P.20

225x10‘4 q/year. Because this increase In stripping reflects an Yncrease
in the load of suspended solids to rivers from deforestation and agricultur-
al activities, dand because manganese 1is concentrated in the ferric oxide
coatings on suspended material ana in the suspended particles, the land-to-
ocean manganese flux is higher today than in the past. Manganese in partic-
ulate emisstons from industriail activities rivals the natural Ynput of con-
tinental dust to the atmosphere. Most particulate manqganese probably‘falls
out of the atmosphere near industrial sources.

The mining of manganese ore has resulted in a net gain for the iand
reservolr and a net lc<s from the sediment reservolr. There s no evidence
of change over time in dissolved manganese in the oceanic reservoir (Garrels
et al., 1975;.

3.5.2. Atmospheric Fate and Transport.

3.5.2.1.  CHEMICAL FORMS PRESENT IN THE ATMOSPHERE -- Soils, dust and
other crustal materials containing naturally-occurring manganese <compounds
enter the atmosphere as a result of natural and anthropogenic processes (see
Sectdr 3.4.1.). While a number of ores exist (see Table 3-9), the most
common forms of manganese in rocks and solls are oxides and hydroxiages, of
oxidation states +2, +3 and +4, and manganese carbonate (Hem, 1970). These
are undoubtedly the most commcn manganese compounds in the coarse particu-
lates of crustal origin. Like sodis, these particles usually conta’n manga-
nese at concentrations of <1 mg/y (<0.1%) (see Section 3.4.1. and Tables 14,
15 and 16).

The manganese emitted by metallurgical processes 1s normally described
as consisting of oxides (see Section 3.4.2.). Manganese from combusted MMT
s emitted primarily as Hn304 (Ethyl Corporation, 1972). Much f the

particulate released from these proce<ses Ys In the fine range {<2.5 um).
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Fine particulate frem fly ash usually Ys no more highly enriched In manga-
nese than are solls, but the fine particies arising from metallurgy and MMT
combustion are enriched, with manganese concentraticns ranging from 14-250
m3/q {1.4-25%) {see Sections 3.4.2., 3.4.3. and Tables 3-10 and 3-14)..

Minute amcunts of organic manganese compounds may be present in ambient
atr under certaln conditions. Ethyl Corporation (1972) analyzed the exhaust
products of three cars operating on gasoline contalning an abnormally high
Tevel of MMT (1.25 g Mn/gal). About 0.1-0.5% of the manganese burned was
emitted in organic form. However, these authors found that MMT was rapidly
photocegraded to inorganic manganese 1in suniight; estimated half-1ife was
10-15 seconds. They estimated that, for cars meeting 1975 emissions
standards and an MMT wuse rate of 0.125 g Mn/gal, amblent MMT concentration
would be 0.12-0.48 ng MMT/m’ (0.03-0.12 ng Mn/m’) 1f photodegradation
were neglected, and <0.048 ng HMT/m3 (<0.012 ng Hn/m3) if photodegrada-
tion were considered (Ter Haar et al., 19795;.

Coe et al. (1980) used gas chromatography-atomic absorption spectrome.ry
to measure MMT levels in air in Canada, where MMT is presently in use in
unleaded fuels. With a detection 1imit of 0.1 ng HHT/mB, they were unable
to detect MMT in samples of auto exhaust from unleaded gasoline !emission
control system unspecified). With a 1imit of 0.05 ng MHT/ma, they could
not detect MMT on Toronto streets. MMT detected in an underground car park
at levels of 0.1-0.3 ng/m3 was presumed to arise from fuel evaporation or
spillage, rather than exhaust emissions (Coe et al., 1980).

3.5.2.2. ATAOSPHERIC REACTIONS -- Except for the photodegradation of
MMT, very 1ittle informatlon is avallable on the atmospheric reactions of

manganese. Manganese dloxide can react with sulfur dioxide or nitrogen

dioxide to form manganous sulfate (Hn304) and dithionate (nnszob) or
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manganese niirate [Hn(NOS)Z], respectively (Hay, 1967; Schroeder, 1970j.

Various oxtdes of manganese (Mn0, Mn.0 Hn02)‘ Qsed 2; absorbants,

APAY

have been shown to combine with sulfur diloxide in heated flue gases {Blen-
stock and fteld, 1960). .The pnssibiltty of these reactions oc;urr\ng in the
atmosphere has been recognized (Sullivan, 1969; Piver, 1974) but cccurrence
or reaction rates have not been demonstrated.

[t has been shown that aeroscls of manganous sulfate can catalyze the
oxidation of atmospheric sulfur dloxide to sulfur crioxide, thus promoting
the formation of sulfuric acid (Matteson et al., 1969; Sulltvan, 1969;

Piver, 1974):

Hnuoa *2H20
250, + @ 250 2H2304

[t has been reported that under foggy conditions, an atmospheric manganese
concentration of 0.2 ug/m3 and a sulfur dioxlde concentration of 1750
ug/m3 would result ‘tn a sulfuric acid formation rate of 25 ug/ma/hr,
or a conversion rate of 1.4%/hr (Bracewell and Gall, 1967; Sullivan, 1969).
Extrapolations from the experimental data of Matteson et al. {1969) suggest
that at concentrations of 259 g 502/m3 and 2 g Hn/m3, e rate of
~(.04%/hr would be observed (Wright et al., 1973).

A test was conducted to determine the catalytic effect of exhaust prod-
ucts from a car burning MMT-containing fue) on the disappearance of SO2 in
amblent air (Wright et al., 1973). In the absence of manganese, at a rela-
tive humidity of 90-100% and an SO2 concentration of 35 ug/ma, the
rate constant for 202 disappearance was 14%/hr. This unusualfy high rate
was attributed primarily to impaction on the black polyethylene bag In which

the experiment was conducted. Addition of exhaust to give a manganese

concentration of 4 pg/mg. a level much higher than normally encountered
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In amoient alr {see Section 3.6.1.), dtd.not naticeably affect this rate,
although manganese <onceatrations >30 pg/m3 did increase the rate
constant.  Ga tne other rand, additlon of 20 pg/m3 of ammonria, &n amount
probab:y -Sout egui) to the ammonia already present in ambient urban atr,
Cdused the rate constant to douuble. The authars concliusdad that amblent
armonta was therefore the rate-contralling factor for SO,L exidation, and
that additton of MMT to gasoline would have no measurable effect. Ihis
conclusion with respect to manganese ‘s weakened by the anparent magnituce
cf the contdiner effact, and becavse 1ihe control comiainad nra exhzust,
rather tnan .nanganese-free exhaust.

Hidy et al. {1977), In anr unpubiished amalysis of this toplc prepared
for tthyl Ccrporation, concluded that the manganese-induced acceleration of
502 oxtdatton was not truly catalytic, but occurred because the presence
of an’ enhanced the absorption of 802 by water droplets. In addition,
since ‘ron promotes SO2 oxigaiton more efficiently than manganese, and s
present at much higher ambiont concentrations, these authors conciuded thal
the effect of manganese on atmospheric sulfate formation is negligible and
would not be appreciab]y magnified by changes in MMT use.

3.5.2.3. DRY AND WET DEPOSITION -- Atmospheric particulate matter,
including manganese, s transported by air currents until it is lost from
the atmosphere by elther dry or wet deposition.

Ory deposition rate s strongly affected by particle stze. Klelnman et
al. (1975) studted the deposition of nine metals in New York City. Particle
deposition velocity was calculated by comparing the amount deposited with
the alr concentration immediately above the collection surface. Deposition

velocity was lowest (1.1 cm/sec) for lead, which was mainly assoclated with

sma’l particles [mass medlan aercdynamic dlameter (MMAD) = 0.56 um].
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Marganese hdd highest velooity (10.4 cm/sec and a a4arger particie size
(MMAD = 1.3 . . Dry depositior of manganese st three New York City :ttes
dver: :  300-570 ng/cmzlmonth and ranged from 24-1700 ng/cm2/month.

Assuming total tr.rsfer of particulates to runoff, dry deposition resulted
tnun estimated manganese concentration tn urban runcft of 33 ug/t,
about 123 kg/day discrerijed te New York Harbor (Xleinman et al., 1975).

By comparicon, average wet deposition of manganes. 1 New York reported
Ty was 120 ng/cm‘/montn, stemming from a ratnfai. .oncontratian of 19 g
Mn/2 {Volchok and 8ogen, 1373). Thus, manganese deposited in dustfall was
more than twice that in rainfail.

Manganese depositton in precipitation at -30 statﬂons thr cout b
1.S. 1n September 19R£_january 1967 was reported by tazrus et al. (1i970).
Amcunts deposited ranged from undetectable (<IC ng/cmsz»nth), for Mauna
Loa, Hawall; Amarille, Texas; and Tampa, Florida to levels of 200-300
ng/cmZ/month for Chicago, I1linots and Ssult St. Marie, Michigan. An
unuseadily Nigh value of 540 ug/cmz/month was observed in Caribou, Maine.
The latter city )s Jocated in Aristook County, an area of low-grade manga-
nese ore deposits. The average value nationwide was ~80 ng/cmz/month.
and the average manganese concentration In precipitation was ~12 ug/t
(Lazrus et al., 1970).

None of the above measurements was made in the immediate vicinity of a
major ‘industrial source. Ory depasttiton of manganese was measured 1in 2
1964-1965 study of air pollution in the Xanawha Valley, West Virginia
(NAPCA, 1970). In the two communities nearest a ferromanganese plant,

marganese depositton averaged 19,300 and 2700 ng/cmz/month, respectively.
Deposition in other locations S$n the valley ranged from 80-320 ng/cm2/

month (see Section 3.6.1.2.).
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3.5.3. fate and Transport in Water and Soll.

3.5.3.1.  CHEMICAL FORAS IN SOLUTION -- The a3queous chemistry of
manganese 1s complex, as manganese can be present in I[, [II, [V, VI and VII
oxidatlon states. Mn{ll) and Mn {1lV) ar~ the oxYdation stites most commonly
found. In neutral and acid aqueous solutions, the [l state exists as the
hexayuo 1ion, (Hn(HZO)B]z', which 1s unstable with respect to oxidation
by 02 over the entire pH range of natural water (Morgar, 1857). The max)-
mum concentration of soluble an' Yn many natural waiters 15 1imited by the
salubtlity product of MnCOz. With 1low alkalinittes and reducing condi-
ticns in freshwaters, solubility may be restricted by high sulfide concen-
trations.

The possible chelating influence of natu-al organic¢ compounds in natural
waters was studled on 3 hypothetical mblt\metal, multi-ltgand system.
Calcuiations were performed simultaneously by Morel and Morgan (1972) and
by Stumm and Bilinsk} (1972), and both concluded that a Free manganese 1ion
may be present as a precominant species even f complex-forming organic
matter 1s present.

In water or sol)l af pH >8 or 9, the soluble divalent mangarese lon 1is
chemically oxidized to the insoluble tetravalent form. At pH <5.5, chemical
reduction of the tetravalent form takes place. Houever; the Interconversion
of these forms which s commonly observed at intermediate pH occurs only Ly
microdtal medtation (Alevander, 1977; Konetzka, 1977).

Groundwater has dJifferent manganese equilibria than surface water
because of the oxygen-poor environment. Nichol et al. (1567) suggested that
n 3cid, water-logged solls, minganese passes freely into solution and

circulates in the groundwater. On entering stream waters with average pH

and biolegical oxidation potential (Eh). manganese s precipitated, thus




P.26

giving Y32 to stream sed)nents eariched with manganese. Mitchell (1971)
also showed that the mobdlizatlon of -arjinese was greatly enhanced 1n acid,
prorly cratrea podzottic scils and groundwaters. Josephson (1980) found that
manganese 2¢ists in a reduced -tate In groungwater and that it can be
readtly leacnec from waste sites or from natural sources. High iz.els of
¢ivalent mzngdnese may also be found in acid mine drainage (see Section
3.6.2.).

{artous cpinions exist regarding the dominant form of manganese in
s2awatar. According to Stllen (1961), the dom'nant form of manganese s
Hn(GH)3 or Hn(GH)“. Mok tevskaya (1961) and Spencer and Brewer (1971)
found that in water of the Black Sea, the dominant form of manganese was the
giva'lent fturm. fukal and Huyrh-Ngoc (1968) found that divalent manganese
resained in that form In seawate- for a long period of time. According to

Brecw {1i974), the main spacles are MnO2 and/or Hn304. Ahrland 1(1975)

constdered that dispersed Hn02(s) Vs predominant. Musant-Marazovie and

Pacar {1977) conciuded that S4Hn introduced In divalent form iInto seawater

behaves as a cation.

3.5.3.2. MICROBIAL TRANSFORMATION -- | eria are ‘important agents in
determining the form and distributton of metals In the environment.
Alexander {1967) described how the avallability of manganese 'n soil or
water 1s affected by ﬁicroorgan!sms. Several! processes can occur: release
cf Ynorganic mangancse Yons during decomposition of organic materidal;
tmpcbilization of Yons by incorporation into microbtal tissue; oxidation of
manganese to a less avallable form; direct, enzymatic reduction of oxidized
manganese; or indirect transformation {(especially reduction) through changes
tn pH or Eh. 3axena and Howard (1977) also concluded that bacterta play a

major part ir the modification, activation and detoxification of heavy

metals.
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Fcr example, manganese usuadlly enters a lake ‘n the Insoludle oxtd1zed
form, which sattles to the sediment. Manganese-raducing bacteria may be
jctlve tn tiie sediments, or manganese mdy be reduced by the lowerling of pH
resulting from general microo'al activity (iV.e., 02 consumption or the
production of ac'dic metatolites) (Kuznetsov, 1970; Alexander, 1977). In
the first case the reductlion Ys enzymatic; In the second it is nonenzymatic.
Reduced nianganese then diffuses upwafd in the sediment or into the water
¢o2lumn.  In Lake Parnus-Yarv! of the Karelian Istnmus {USSR}, 1iron- and
manganese-reducing bacterta are present in the upper 10 ¢m of the sediments.

Qeguced manganese in the pottom waters of the profundal zone reaches 1.4

mg/%, whereas the total manganese concentration in the rest of the lake 1s

oniy 0.6 mg/2 {Kuznetsov, 1970).

Several ispes of bacterla have been found canable of oxidizing manga-
nese. The first are ‘included among the “Yron bacteria,” or “that group of
aderobic bacteria whych appear to utilize the oxidation of ferrous and/or

manganous Yons as an essentlal component in thelr metabolic functioning® B

el

x
Nao’

e {Cullimore and McCann, 1977). These have been assumed to be chemoauto-
trophs, uttlizing energy from the reductior. of manganese to carry out
synthetic processes (Kuznetsov, 1970), but others have quastioned this
conclusion (Alexander, 1977; Kcnetzka, 1977). A second group consists of
heterotrophs possessing a slime capsule that can absorb c¢ivalent mancaness.

Oxidation then occurs within the sheath, which becomes Impregnated with the

hydroxide (Kuznetsov, 1970). Manganese-oxidizing ability has been shown to
occur 'n a wide wvarlety of freshwater bactertal genera, comprising from
<1-69% of the heterotrophic bacter:al population of two freshwater lakes

studied (Gregory and Staley. 1982).
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Divalent manganece entering the water column from the sediments s
precipttated by these organtsms, usudily in the form of hydroxides. This
leads to a repetition of the redox cycle. However, 'n Jlakes such as
Pannus-Yarvt where botfom currents cdrry the reduced manganese out of the
profunda’ zone and into more shaliow and highly oxygenated areds, microbial
oxtdation tn the sediments can ledd to the formation of ~inganese lake ores
(Kuznetsov, 1870}, |

Sactertal oxidattion of an’ has also been Implicated in the formation
of manganese nodules on the ocean tloor (SYlver and Jasper, 1977). However,
this concluston s far frem certaln, as some nodule-dssoclated bacteria
catalyze manganese accretion via ox'dation while others catalyze manganese
reduction {Ehriich, 1972).

[ron bacterta can be a tremendous nudlsance In water supply systems
because of thelr tendency .to foul pipes and other surfaces with iron or
manganese ox.des. This problem ‘s espectally acute in wells 1n many regions
of the worlid. Hosf study of conditions contributing to these problems has
focused on Yron rather than manganese, and the role of the latter remains
poorly understood {Cullimor: and McCann, 1977). tLuthy (1964) stated that

2'/1 ¥s unuesiréble because of discoloration of the water, and

0.05 mg Mn
that measures for bactertal cont-ol shouly be taken at leveis >0.15 mg
Hne'/i. Control} measures Include sterilization of egquipment before
drilling of wells, and treitment of affected systems by <hlos inatton, acidi-
fication, or other antitacterial agents (Culiimore and McCann, 1977).

In the soil,\w\croorganisms play an \mportant role In determining the
avallability of manganese to plants. Several genera of bacterla and fung)

are capable of oxidizing soll manganese, many even under slightly adacid

tonditinns. Numerically, the manganese oxidizers may constitute up to 5-15%
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of the total viable microflora. Additlon of organic matter to solls can
increase manganese oxidation by stimulating population Increase of these
groups {Timenin and Gties, 1952). Stnce the oxides dre less avatladble or
wnavatlable to  plants, symptoms of manganese def’c\éncy may result
(Alexander, 1977).

Regeneration of reduced minganese may be enzymatdlc or nonenzymatic, as
Yn vater. Tie reduction proceeds more rapldly 1n poorly dratned solls. In
such cases, manganese phytatoxicity may also occur (Alexander, 1977).

3.5.3.3.  BIOCONCENTRATION -- The tendency of a substance to Dbe

concentrated in crgandsms will have an important effecl on Yts wultimate
dist-ibution Yn blological and nonblological ecosystem compartments. Flqure
2 2 shows an example of concentration factors for manganese in an astuarine
system (H.dson River), cetermined by Lentsch et al. {1972). They observed
that fYlamentous algae have the greatest concentraticn tactor, and the most

predatory organism 525 0

3+

Towast concentration fector. They also observed
that the higher organisms do not have higher concentratlon factors, as Lhese
seem to be capable of regulating manganese. Thus, biomagnification or
increasing dccumulition with trophic level evidently was not occurring.
3.6.  ENVIKONMENTAL LEVELS AND EXPOSURE
3.6, AN,

3.6.1.1.  NATIOMAIQOE TRENDS -- In 1952, the U.S. PHS 1inittated an a‘r
sampling program in 17 cities. Some samples were analyzed individually and
others as quarterly cnmposites. Twelve nonurban samples coilected 1in
1955-1956 at Point Woronzof, Alaske, showed an average manganese concentra-

tton of 0.0 vg/m3. w“ith & maximum of 0.02 uq!m3 {v.S. QHtwW, 1358).

Over 100 suburban samples collected at nine different loc.tlons 1In the

United States 'n 1954-1356 éveraged 0.06 ug/m3. with @ maximum value of
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0.0 uq/m3 In Xanawha County, wsst Virginta. Nearly 2000 urban samples
¢ollected tn 1353-1957 averaged 0.1} pg/ma, witn & maxtmum value of 9.29
u'j/m3 at  Cincinnatd, Ohio In  1955. foncentrations >3.0 uq/m3 were
found tn Anchorage, Alaska 'n 1954-1955, probably darfter volcanic eruptton;
tn Philadeliphta, Pennsylvanta In 1954; and in Chattanooga, Tennessee in
13551256

The National Alr Sur.elllance Network started analysis Janua-y 1, 1957,
at 26 randomly-selected stations 24 hours/day for 1 vear. Comparison of
cuta from Jifferent years involves problems because of changes 1in the
analytical methodology and the number and position of statlons. However, an
examination of natlonwide summaries of these data does permit a rough
assessment of natlional trends.

The data for all NASN sites for 1957-1963 are summarized in Table 3-17.
The sttes are categorized into four concentration ranges. Stnce urban and
nonurban data are not segregated and the majority of sites fall into the low
range (<0.099 ug/m3), this display serves primarily to show the number
of urban sites with particularly high ambient manganese concentrations. A
comparison of 1957-1963 data with post-1963 data shows a clear decline In
the percentage of sites with concentrations >0.100 ug/m3. Table 3-18
glves NASN sttes for which average concentrations were >0.5 ug/m3.
Higher concentrations for shorter average times mdy be of conslgerable
significance In the evaluation of the patenttal blological effects of
alrborne manganese. Several 24-hour valuyes >10 ug/m3 wer2 observed
during thts time pertod (see Table 3-18).

A comparison of urban and nonurban NASN data for 1966-1967 was provided
by McMullen et atl. (1970). Urban sampies showed an arithmetic mean manga-
nese concentration of §.073 pg/m3. while the mean for nonurban samples

decreased from 0.026 te 0.005 ug/m3 with increasing remoteness of the
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TAgLE 3-17

Number of Nattonal Air Surve'llance Network Stattons within
Selected Annual Average Manganese Alr Concentration Intervals, 1957-1969*

Humber and Percent of Stations
by Atr Concentration Interval, ug/m3
(percent shown in parentheses)

Year <0.099 £.100-0.199 0.200-0.299 >0.300 Total
1957-1963 16 29 10 13 128
{59.4) (22.7) {1.8) {10.2) {100)

1364 68 12 6 7 93
{13.1) {12.9) {6.5) {1.9) {100)

1965 132 14 _ 5 6 151
(84.1) (8.3) {3.2) {3.8) (100)

196b 113 8 4 3 128
(88.3) {6.3) (3.1) (2.3) {100)

1967 121 13 4 4 142
{85.2) {9.2) {2.3) {2.8) (100)

1968 126 11 2 6 145
(86.3) {1.9) (1.4) {4.1) (100)

1969 169 23 9 8 209
(80.9) {(11.0) {4.3) {3.8) {1C0)

1957-1959 805 110 40 47 1002
(80.4) {11.0) {4.0) (4.7) {100)

*Source: NASN, 1957-1969
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- TABLE 3-18
Hational Air Survetlilance MNetwork Stations with
Annudl Average Mangdnese Alr Concentrations
Greater fnan 0.5 ug/m3®
Manganese Concentration, pgjm3
Year Statien Max\imum Max imum
Average Quarterly 24-hour
1958 Charlestcn, WY 0.61 1.10 7.10
1959 Johnstown, PA 2.50 5.40 7.80
Canton, OH 0.12 1.10 2.20
1360 Gary, IN 0.97 NR 3.10
1961 Canton, OH 0.57 NR 2.90
Philadelphia, PA 0.70 NR >10.00
1963 Johnstown, PA 1.44 NR 6.90
Philadelphia, PA 0.62 NR 3.7
4"" e !
Y ;} 1964 Charleston, WV 1.33 NR >10.00
1959 Johnstown, PA 2.45 3.90 NR
Philadelphia, PA 0.72 1.70 NR
Lynchburg, VA 1.1 2.50 AR
Charleston, WV 0.60 1,70 NR
1966 Niagara falls, NY 0.66 1.30 NR
1967 Knoxville, TN 0.81 1.50 NR
1968 Johnstown, PA 3.27 WR 14.00
1959 Nlagara Falls, NY 0.66 1.30 NR
Johnstown, PA 1.77 2.10 NR
Philadelphia, PA 0.50 1.30 NR

*Source: NASN, 1957-1969

NR = Not reported
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monttoring site from wurban areas ({Table 3-19). While this decrease of
Manganese concentration primartly reflects a decrease in total suspended
pirticulates, percent manganese In TSP mass also decreésed with Yncreasing
remaoteness (McMullen et 11., 1970).

An examination of NASN data for the early 19705 shows a further decliine
in amblent manganese levels at urban sites, and indicates some reduction at
aonurban sites as weii. The U.S. EPA (1577a) reported that the median (50th
percentile) value of annual average manganese concentrations for 92 wurban
sites declines from 0.040 ug/m3 in 1965 to 0.016 pg/m3 in 1974,
When wurban values for the period 1970—1911, were compared to those for
1973-1974, a 50% decline was observed in both the 50th and 90th percentile
values for manganese, Indicating a reductlon by about half in both medlan
and extreme leveis. During this same interval, the reductions in TSP at
these percentiles were only 4% and 13%, respectively, indicating that this
reduction was not simply rela‘ted to a general improvement in air quality.
The trend for manganese was thought to be attributable to controls in the
metals industry. Data examined for 16 nonurban sites were also said to
indicate a downward trend for manganese, but this conclusion was described
as tenuous (U.S. EPA, 1977a).

The frequency distributions of quarterly analytical values for manganese
at all urban and nonurban NASN sites for the years 1970-1982 are given in
Table 3-20 and 3-21, respectively. Prior to 1977, quarterly values were
based on single analyses of filter composites (U.S. EPA, 1979a). Since
1977, individual filters were analyzed. Therefore, to permit comparison of
these data with the earlier data, quarterly arithmetic means of all values
for each site were used to simulate quarterly composite values 1in the

frequency cistributions {Barrows, 1983). A rigorous trend analysis of these
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TABLE 3-19
Average Manganese Concentration in Ambient Air and Total
Suspended Particulates (TSP} in Urban and Nonurban NASN Sites, 1966-1967*
_ Stattons :
TSP Mn Mn/TSP
Type Number (pg/m3) (ug/m3) (%)
Urban 217 . 102 7.073 0.07
. Nonurban
g*‘} Proximate 5 45 0.026 0.06
RN Intermediate 15 40 ¢.012 0.03
’ Remote 10 21 0.005 0.02
Total nonurban 30 34.5 0.012 0.03
*Adapted from McMullen et al., 1970
3-66
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Urban NASN Sttes,

1970-1982:

TABLE 3-20

National Cumulative frequency Distributtons of Guarterly Vilues

for Manganese Concentration (ug/m3)‘v

Percentiles

Ardthmetic

Gecmetric

Year  Number€ Hintmum 10 30 50 10 30 95 99 Max imum Mean Standard Medn Standard
Deviation Devidtion
1970 195 Lod 0.02 0.03 0.04 0.06 0.1% 0.23 .49 2.10 0.07 0.12 0.04 3.13
197 Nneé LD 0.02 0.04 0.05 0.07 0.6 0.24 .46 1.95 0.08 c.n 0.05 S 2.
19312 708 Lo 0.0V 0.02 0.03 Q.04 0.09 0.12 .22 c.86 0.04 0.06 2.03 2.76
1973 559 LD 0.0 0.02 0.02 0.04 6.07 o.n .29 0.56 0.04 0.05 0.0? 2,12
1974 594 Lo 0.00 0.02 0.02 0.04 0.07 o.N 3 0.35 0.04 0.4 0.02 2.9
1915 695 Lo 0.0t 0.02 0.03 0.04 0.07 ‘0.10 .18 0.72 0.04 0.04 0.02 2.49
1976 670 Lo 0.01 0.02 0.03 0.04 0.08 J9.12 .21 0.74 0.04 0.05 0.03 2.60
1917 14 0.005) 0.017 0.025 0.032 0.045 0.07 0.100 .297 0.632 0.045 0.05} 0.0 2.486
1978 568 0.0043 0.016 0.025 0.03¢ 0.043 0.088 0.1 185 0.300 0.043 0.035 0.034 - 2.043
1979 429 0.0022 o.on 0.0v7 0.025 0.035 0.073 0.102 .158 J.448 0.03> 0.03Y 0.026 2.44)
1980 437 0-J90359 0.009 0.015 0.02) 0.0 0.063 0.093 133 0.14) 0.03C 0.026 0.022 2.1
1981 AN 0.0040 0.0n 0.017 0.024 0.033 0.099 0.084 .138 0.303 0.032 0.030 0.02% 2.214
1982 309 V.00 0.0n 0.017 0.023 0.032 0.063 0.081 .70 0.661 0.033 C.047 0.024 2.846
dSourve of 1970-1976 data: U.S. tPA, 19792
bSource of 1977-1982 data: Barrows, 1983
CNumber of quarterly site values. From 1-4 quarterly values were avallable per site.
dl;:;gs of discrimination (LO) for 1970-1976 were =0.0025 ug/m3, but varted dmong years. LD for 1977-1982 ranged from 0.00042-0.0024
u . .
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TABLE 3-21
Nonurban NASN Sites, 13/0-1982: Na'ional Cumulative Frequency Distributions ¢f Quarter.y Values
for Manganese Concentration (ug/m:‘)d-
; Percentiles A met e _Cecmetric
5 Year  Number® Minimum 10 30 50 10 90 95 99 M. imum Mean Standard Rean Standard
. Deviation Beviation
; : e
: 1970 124 Lod 0.003 0.006 0.012 0.018 0.035 0.041 0.066 0.068 0.015 6.013 0.C12 2.
: 9m 97 Lo 0.003 0.009 0.013 0.022 0.032 0.04} 0.064 0.102 0.018 0.M5 v.u13 2.v9
: 1972 137 Lo Lo Lo 0.003 0.007 0.016 0.029 0.039 0.046 0.007 0.009 0.003 2.81
; 1973 100 Lo Lo L0 0.002 0.004 o.on 0.022 0.030 0.030 0.004 6.005 0.00? 2.19
w 1974 19 Lo Lo 0.001 0.004 0.007 0.017 0.023 0.027 0.033 0.006 0.0G? 0.004 2.52
;: 975 96 Lo Lo 0.004 0.006 0.009 0.014 - 0.018 0.0N 0.040 0.007 0.007 0.015 2.19
1976 °9 Lo Lo 0.005 0.007 0.010 0.025 0.020 0.036 0.046 0.010 0.009 - 0.010 .23
uwn 126 -0.0010 0.003 0.005 0.009 0.012 0.021 0.030 0.049 0.122 0.012 0.013 0.008 2.468
1978 85 0.00M C.003 0.006 0.008 0.010 0.015 0.018 0.030 0.036 0.009 0.006 0.007 1.810
1979 44 -0.0010 0.002 0.004 0.005 0.007 g.on 0.015 0.024 0.024 0.00% 0.006 0.005 1.862
1980 35 -0.0010 -0.001  0.004 0.00S 0.007 0.014 0.018 0.019 0.019 9.007 0.005 0.005 1.910
1981 43 -0.0010 0.003 0.004 0.000 0.009 0.015 0.021 J.025 0.02% 0.008 0.006 0.007 1.€97
b 1382 33 -0.0010 0.00v 0.003 0.00S V.007 0.001 0.009 0.015 0.015 0.005 0.603 .0.004 1.489)
dSource of 1970-1976 data: U.S. EPA, 19792
bSource of 1977-1962 data: Barrows, 1983
CNumber of quarterly stte values. From 1-4 quarterly values were avallable per site.
i "Ll-\Ss of discrimination (LO) for 1970-1976 were =0.0025 ug/m3, but varted among years. LOC for 1977-1982 ranged from 0.00042-0.0024

ug/m7,
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data ‘s not possible due to changes 1In sites and methodolsgy. Decrease:
over th2 period are ‘Yndicated, however, both ir median and extreme concen-
tratiors, for both u?ban and rural areas.

3.6.1.2. AREA STUDIES -- Pollution oprobiems and trends can also bhe
characterized on a %ore local scale. A few area studies Yn which ambient
manginese concentrations are given will be discussed. [In 1964-1965, 3 study
was undertaken of air pollution In the Kanawha Valley, West Virginia (NAPZA,
19T0).‘ Average [SP levels for sites in the area ranged vfrom 132-413
ug/m3, compared to tho natianet urban  average ot 100 ug/rﬁ3 (Table
3-22). Yearly average suspended manganese concentrations were as high 2as
3.3 ug/ma. with quarterly composite samples ranging up to 1:.0 and 13.0
ug/m3 for the Smithers and Montgomery communities, respectively. The

major manganese source was a feryomanganese plant, with acditional contribu-

tions from a large coal-burning industrial steam-generation plant (NAPCA,

1970). However, NASN data collected 11 years later (1976) in two Kanawha

Valley commun‘ties (although not necessarily the same sampling sites) indi-
cate decreases of an order of magnitude in ambient manganese concentration
{see Table 3-.22; U.S. EPA, 197%a).

A neardy regicn along the Ohio River between Marietta, Ohlo and Parkers-
burg, West Virginia was studiey 2ur'm7 the pertod 1965-1966 (U.S. OHEW,
1967). Alr quality in this area was influenced by a large plant producing
manganese metals and alloys. Sampling of ambient particulate using a direc-
tional sampler or during different wind directlons showed that for sites
both north (Marietta) and south of the plant (Vienna, Parkersturg), ambient
manganese concentration was always substantially higher when the wind was
biowing from the direction of the plant (Table 3-23). The trend for TSP was
not nearly so c¢lear, however. Manganese ‘evels as high as 11.4 ug/m3

were observed  in 24-kour samples downwind of the plant. At one site, a
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TABLE 3-22

Manganese Concentrations in Alr, Kanawhe “”f’ Area, West Virgintad

TSP Suspended Manganese (ug/m3) Settled Mangdrese
(ng/md) _Quarterly Composites __(ny/cm?/month)
Sampling Stte Study Perlod Fall Winter Spring Suimer Study Perlod Yearly Averageb Study Pertod
and Stite Number Average 1964 1964-1965 1965 1965 Average 1976 Average
falls View (1) 179 3.40
Smithers (5) K1} 11.00 6.50 4.50 3.00 8.30 19,300
Montgomery (6) a3 13.09 2,700
Cedar Grove (7) 235 4.20 3.50 1.80 0.32 2.45 130
Marmet (V1) . 242 3.60 v
Kanawha City (13) 287 3.30 1.10 0.53 0.27 1.30 80
cr=) - 1S) 189 0.91 0.07
west Charleston (17) 209 0.96
North Charleston, r{}} 0.52 240
West (19)
South Charleston, 298 2.00 0.26 0.23 0.17 0.67 0.04 320
tast (20)
“unbar (22) 199 0.24
St. Albans (24) 223 0.43 0.44 0.06 0.06 0.25 80
Nitro (25) 179 0.59 0.28 0.10 0.09 0.27 90
Nitro, West (27) 132 0.08

3Source: NAPCA, 1910

bsource: U.S. EPA, 197%a.

NASN data, not necessarily same sanpling locattons.
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TABLE 3-23

Anbient Alr Sampling Data for Total Suspended Particulates and Manganese (1n ug/m3) In the Martetta, OH-Parkersburg, WV Yicinity,
1965-19662 and 1982-19830

Composite, Mean (Range),
Nov. 3, 19652 Nov. 21, 19653 Jan, 15, 19663 Jan. 25, 19663 Jan. 1V-31, 13663 Dec. 1982-feb. 1983
Site TSP Mn TSP Mn TSP Mn TSP Mn 15p ¥n TSP Mo
Vienna 47 112-97)  0.14 (0.03-n.56)
Inc 1969 3.4d 2184 2.0d 197 4
Outc s4d  0.1d 128d .29 83 0.4
Martetta (Cent:al) 2574 1.6d 1219 6d 61¢  0.1¢ 155¢ 0. 132 0.6
Martetta (West) 3099 11.49 2049 6.64 32 (20-48) 0.13 {0.03-0.5))
Parkersburg {Central) 167 0.2¢% g1t 0.0¢ 1249 ¢.1d 2194 p.7d 134 0.1

dsource: U.S. DHEW, 1967

bsource: Unpublished data of tikem Metals Co., Martetta, OH (Moore, 1983b)
“Directiona) sampler; *In®: 90° sector toward ferromanganese plant; *"Out":
dsite was downwind of ferromanganese plant during sampling period

€Site was upwind of ferromanganese plant during sampling perlod

remaining 270° sector
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composite ov samples collected by a directional sampler selective for wind
direction showed minganese levels 10 times higher for the 90° sector
toward the plant (4.1 ug/m3) than for Ehe remaining 270° sector
(0.4 ug/ma), Recent wunpublilshed monitoring data for two of these sites
have been provided by the current operator 3f the manganese plant !Moore,
1983a,b). The mean and range of at least 14 24-hour samples during the
winter (Oecember ?2-February 4) of 1982-1983 indicate substantlal reducttons
'by roughly an order of magnitude) in manganese when compared with data from
the earlier study {see Table 2.23)}. TSP levels were also reduced. Manga-
nese production rates at ti1s plant during the recent sampling period were
reported to be 50-70% of those for 1965-1966 (Moore, 1933b).

Ambient manganese levels in New York City are substantially lower than
those in areas influenced by the manganese metal and alloy manufacturing
tndustry. However, trends can be noted here as well. Data of Kleinman et
al. (1980) for NYU Medical Center and a location in the Bronx show substan-
tial reducttons in annual averages for manganese and several other metals
during the years 1568-19)5 (Table 3-24). The greatest decrease was observed
over the years 1968-1972. TSP ievels measured at the Medical Center showed
that the decrease was concomitant with 3 decrease in TSP.

3.6.1.3.  PARTICLE SIZt -- Techniques for accurately characterizing
particle-size distributions for trace metals in ambtent particulate matter
have been availlable and ‘improving since about 1970. Lee et al. (1972) used
cascade ‘mpactors to achieve a3 size fractionation of amblent aerosnls in six
United States cities during 1970. Their data showed that, on an annual
average, 45-62% of amblent manganese was Iin pari\cles of <2 um diameter.

Bernstein and Rahn (1979) used a stze-selective cyclone sampler to fraction-

ate New York City urban aerosol during 2 weeks of sampling in Auqust, 1976.




TABLE 3-24

Corncentrations of Trace Metals in Alr Measured at
Three taocattons in New York City” (ng/m")

Hew York University Medical Center

_P.42

Element 1959 1972 1973 1274 1975
Cd 100 5.0 7.1 6.0 4.2
Cr 33.0 11.9 8.9 10.8 8.5
Cu 526 63.0 55.1 46.8 43.9
Fe NR 1430 1580 1410 g
K NR 240 358 n 99.1
Mn 89.0 21.5 28.1 23.1 19.8
Na NR 1130 1990 604 800
Ni 1390 30.7 45.0 45.1 35.¢
Pb 2110 1370 1240 1400 1070
v 874 68.9 86.0 12.6 38.8
In 670 380 3N 338 294
TSP (ng/m°) 134 82 80 7 52

Bronx, New York
Element 1968 1969 1972 1973

Cd 14.0 9.0 4.0 3.5

Cr 49.9 23.0 7.0 5.3

Cu 133 115 60.0 52.5

fe NR NR 1940 1440

X NR NR NR NR

Mn 54.0 40.0 29.0 30.2

Na NR NR NR NR

Ni 150 122 210 n

Pb 3820 2160 2000 1580

v 1230 795 53.0 80.0

In 730 1120 304 289
*Source: KXleinman et al., 1980
NR = Not reported
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'n these samples, 64-6L% of manganese was found in particles of <2.5 um
diametoer. #Ainganese  was " bimodally distributed, with a peak in the
0.5-1.% um fractlon, a nadlr In the 1.5-2.5 um fraction, and a second
eca'. In the 0.5-3.5 um fraction. A single week of sampling with this
tevice in MNovember, 1974, had shown only ihe latter (2.5-3.5 um) peak
(Sernstein et al., 1976).

More racent Jata tend to Yndicate that less of the ambient manganese 1s
round in fline perticles. Dichotomous samplers, which segregate particles
inino fine and coarse fractions, have been used widely since about 1975,
Cavis et al. (unpublished manuscript) nerformed analyses of 104 selected
filter peirs from dichotomous samples collacted Yn 22 geographically diverce
cities In ‘he United States during 1980. The size classes were <2.5 um
(fine) and 2.5-15 um [coarse}). Filters with a hign Jlevel of total
particulate were selected to facilitate anialysis. Therefore, the sample has
some Plas, and the concentrations are not representét\ve. However, this was
consldered an ercellent data base for examining relative amounts of manga-
nese in fine and coarse aerosol. |

Table 3-25 shows tﬁat the manganese concentration (in mg/g) In particles
of each fraction 's highiy varitable, but tends to be higher in the coarse
particles. Since coarse particle mass also tends to be grzater, the overall
precentage of manganese found 10 fine particles tends to be <50% of the
total measured; the average for this study was 28%.

The total particulate measured by the dichotomous sampler (DS) with a
15 um size-selective inlet 1s less than the TSP measured by high-volume
samplers. The ratio 0S:TSP has been measured for Samp]es where TSP is >55

3

ug/m~ (Pace and Ffrank, 1983). Ninety percent of all values for the

ratio were between 0.36 3nd 0.76; the mean was 0.56. The ratlo s somewhat
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TABLE

3-25

Selected Dichotomous Sampler Data on Manganese and Particle Mass
from 22 U.S. Cities in 13804

P.44

Manganese Particle Mass
Parameterd
Meant Range Mean¢ Range
Air concentratinn (pg/m3)
Fine 0.016 0.001-0.085 28.1 9.7-57.1
Coarse 0.030 0.003-0.078 44.6 8.2-105.6
Total 0.045 0.006-0.129 13.3 36.0-140.4
Particlie concentration {(mg/q)
Fire 0.50 0.029-2.36 -- -
Coarse 0.70 0.27-1.75 -- --
Percent mass in fine fraction 28 3-66 43 15-78

dSource: Davis et al., unpublished manuscript

DParticle size: fine, <2.5 um; coarse, 2.5-15 um

CArithmetic mean by city
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higher when TSP Vs lower. [If manganese 15 assumed to be distributed fairly
evenly over particle mass for particles of different sizes, then this ratilo
can be wused to compare dichotomous-sampler mangahese with hignh-voiume-
sampler manganese. The percentage of manganess presernt in the fine fraction
would then have an average of 284 x 56%, «r 16%, of the total measured.
However, since the manganese concentration ('n mg/g) In coarse particles
tends to be higher than in fine particles, this average Ys proovably too high.

This indicates that only a smail percentage of the manganese measured by
the high-volume sampler usually 1is present in the fine fraction. However,
it should be noted that of the 22 cities examined in this study, theicity
(Akrou, OH! with the highest manganese concentration {(0.129 ug/m3) also
had the highest percentage in the fine fraction (66%). Therefore, in high-
exposure sttuations the relative amount in the fine fraction may be large.
If the 0S:TSP ratio was also high {e.g., 0.76), the percentage could be as
high as 66% x 76%, or 50%.
3.6.2. Water. Natural concentrations of manganese in seawater are
reported to vary from 0.4-10 ug/% (U.S. EPA, 1975). Kopp and Kroner
(1969) studted trace metals in United States freshwaters and generalized
that "in most natural .waters, the concentration of manganese s <20
ug/e". In  surface freshwaters, background levels are frequentiy
exceeded due to human activities. Manganese concentration ranges Yn various
United States 1lakes and rivers, some heavily polluted, are glven in
Table 3-26.

Kopp and Kroner (1969) summarized trace-element data for 1577 water sam-
ples collected over the contiguous United States and Alaska from 1962-1967,

under the water quality survelllance program of the Federal Water Pollution

3-76
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TA3LE 3-26

Concentration of langanese in Varjous Lake

an lver HWaters

Concentration

Localtty Range (ug/%) Reference
Wisconsin Lakes 3-25 Juday et al., 1938
Mississippt River 80-120 A Wiebe, 1930
Linsley Pond, Connecticut 50-250 Hutchinson, 1957
Maine Lakes 0.02-87.5 Kieinkopf, 1960
Yukon River, Alaska 181 Durum and Haffry, 1963
Mississippl River 12-185 Durum and Haffty, 1963
Southeastern Missouri 10-2420 Gale et al., 1973

Streamg
3-17
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Control Administration (FWPCA). O0Oissolved manganese was det.cted in 810 of
N 1577 samples; the mean concentrations of dissolved manganese for 16 drainage
’ basins are shown in Table 3-27.
Manganese oxides are common constituents of suspended matertals 2nd
frequently comprise >0.1% (>1000 ug/g) of riverine sediments (Hem, 1970).
A comparison of suspended and dissolved manganese in Table 3-28 shows that,
‘n river systems, the amount 1in suspension normally exceeds the amount in
solution. Excepttons to this pattern are the Allegheny and Mononrgahela
Rivers, which are characterized by acid mine drainage (Kopp and Kroner,
1969).

Manganese levels 1in groundwaters frequently are much higher than 1in

surface waters because the more acld and reducing conditices whizh pre-atl
in the sub-surface environment promote dissoluiion of mancanese cxides.
Manganese concentrations as high as 9608 ug/t in acid groundwater
{pH=4.0) and 1300 ug/% In neutral groundwaiter (pH=7.0) have been
reported (Hem, 1970}.

f'\§ In a 1962 U.S. Geological Survey study of public water supplies of the ;
100 largest cittes in the United States, Ourfor and Becker (1964) reported
manganese concentrations of up to 2500 ug/e for treated water. 0Of these
water supplies, 97X contained concentrations below 100 wug/n. A U.S. :
Public Health Service {U.S. PHS) community water survey 1in 1369 exam’'ned 1
2595 samples of tap water from 969 community water supplies (U.S. OHEW, ‘H
1970). The maximum conceniraticn of manganese wdas 1320 ug/%, but 91.9%
of samples and 31% of supplies did not exceed 50 uq/L.

As part of the first Health and Nutrition Examination Study (HANES I

Augmentation Survey of Adults), conducted in 1974-1975, tap water samp.es

from public and private water supplies of 35 urhan and rural, randomly
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TABLE 3-27

Mean Concentrations of Dissolved Manganese by Crainage Basin®

Drainage Basin ug Mn/2
Northeast , | 3.5
North Atlantic 2.1
Southeast 2.8
Tennessee River . 3.1
Ohto River 232.0
Lake Erile 138.0
Jpper Mississippd 9.8
Western Greet Lakes 2.3
Missourt River 13.8
Southwest-lower Mississippi 9.0
Colorado River 12.0
Western Gulf 10.6
Pacific Northwest 2.8
California 2.8
Great Bastn 1.8
Alaska 18.0

*Source: Adapted from Kopp and Kroner, 1969
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TABLE 3-28

Dissolved and Suspended Manganese in Five U.S. Rivers®*

Location

Detection
Frequency
(%)

Delaware River
At HMartins Creex, PA
At Trenton, NJ
At Philadelphia, PA

Allegheny River
At Pittsburgh, PA

Monongahela River
At Pittsburgh, PA

Ohto River
Below Addison, OH

Kanawha River
At Winfleld Dam, WV

40
31

60

93

51

87

Dissolved ~Suspended
Mean of Detection Mean of
Positive Values Frequency Positive Values

(ug/2) (%) (ngst)

2.9 93 18

3.2 100 s1

§.2 100 66

>1{4d 100 205

Y 81 13

St 130 238

44 100 35

*Source: Kopy and Kroner, 1969
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chosen sampling areas were analyzéd for trace metals (U.S. OHIW, 1978).
Unpublished cata for manganese (Table 3-29) indicate that nigher manganese
concentritions can be found in priviate wells than in public water supp]&es
(Greathouse, 1983). Manganese concentration at the 95th percentile was 3
times higher in private (228 ,q9/%) than in  public supplies (78
ug/1). The medlan level for private supplies was below detection Timits
while that for public supplles was 4 ug/%; however, since the detection
Timit was cai cium dependent (U.S. EPA, 1978b) and may have been higher for
orivate waters, the median levels may not be comparable to one another.
3.6.3. Food. Manganese concentrations were measured in foods from the
United Stétes {Schroeder et al., 1966; Caetz and Kenner, 1975; Wong et al.,
1978), Great Biitain (Wenlock et al., 1979) and New Zealand (Guthrie, 1975).
Concentrations varied widety among food groups, within food groups, and even
for a given food type. Concentrations in varlous grains and cereals In the
United. States ranged from 1.17-30.76 ng/a. Manganese concentratlons for
vnpolished rice were given as 2.08 (United Stctes), 32.5 (New Zealand) and
40 ug/q9 (Great Britain). Most non-cheese daliry preducts contadned
<1 ug/g, but cheeses variled widely. Swiss cheese In the United States was
reported to contain 1.32 and 17.2 ug/g, respectively, by two difterent
authors. Most meat, poultry and fish contained manganese at <2 ug/qg.
Most fresh fruits contained <2 ug/g, but bananas and canned fruits ranged
from this level to 19 and 10 ug/g, respectively. The manganese content of
various vegetables ranged from 0.14-12 ug/g. Most nuts contained from
7-35 ug/q, and certain spices (cloves, ginger, sage) contatned >200
ug/g. Thus, 1t 3is obvious that wide differences In manganese intake can
exisl for people with differing or even with similar food habits.

3.6.4. Human Expcsure. Data on manganese levels in air, water and food

can be used to est\hate human exposure to manganese. No attempt nhas been
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TABLE 3..29
Cumulative Frequency Distribution of Manganese Concentration
In Tap “aters Sampled In the HANES I Augmentation Survey of Aduits*
Percentiles (upg/%)
Supply Type Number 28 50 15 90 95 99
Public 2853 ND 4 13 36 18 295
Private 596 ND NO 34 121 228 9N
*Source: Unrpublished EPA data (Greathouse, 1983)
ND = Less than detection 1imits (see text)
£
5
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made n th)s Jocument to project numbers of Individuals subject to given
exposure levels. Rather, mancganese intakes characteristic of an "average”
and a "high" level of exposure are estimated. These estimates are presanted

solely as a rough basis for comparison with the Information on health

“effects tn the foliowing chapters.

3.6.4.1. IMHALATION -- The degree of intake or absorption assoclated
witlh human JInhalation exposure to an aerosol 1s h1gnly dependent upon
particle size. Particles of diameter >100 uym can be inhaled, but few of
those larger than =15 ym are likely ta reacrk the thoracic reglon (U.S.
EPA, 1982b). Insoluble bartic]es deposited in th> extrathoracic region are
usudlly cleared to the esophagus within minutes, offering Jittle opportunity
for absorption of toxtc constituents by the respiratory tract (although
iabsorption Dby the digestive tract 1s possible; see Section 3.6.4.2.).
Particles of smaller dlameter may be deposited 1in the thoracic (1.e.,
tracheobronchial and alveolar) regions, *ta a degree which is dependent on
type of breathing iY.e., oral or nasal), breathing flow rate, and particle
characteristics. Insoluble particles deposited 1n the tracheobronchial
region normally are cleared within hours, whereas those deposited in the
alveolar regton would be expected to remain for weeks, months or longer
{U.S. EPA, 1982b).

Particles of =10 um are almost all deposited extrathoracicaily
during nasal breathing. During mouth breathing =45% are depositea trache-
cbronchially, but still practically none reach the alveoli. As particle
size decreases, the fractlons reaching the thoracic region and passing to
the 4alveold increase. Alveolar deposition s greatest (=25-65%) for

particles in the range of 2-4 um. Nearly al)l particles smaller than

2 um reach the alveold, but many (=50-80%) remain suspended and are
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.2 i'n this document to project numbers of 1Individuals subject to given
«posure levels. Rather, manganese irtakes characteristic of an "average"
and 3 "high® level of exposure are estimated. These estimates are presented
soleiy as a rough basis for comparison with the information on health
effects in the following chapters.

3.6.4.1.  INHALATION -~ The degree of intske or absorption asscclated
with human inhalation exposure to an rosol 3s highly dependent upon
particle sizz. Particles of diame!- 100 uym can be inhaled, but few of
those Jlarger than =15 ym are 1° .y to reach‘ the thoracic reglion {U.S.
EPA, 1982b). Insoluble particiz, deposited In the extrathoracic region are
usually cleared to the esophagus within minutes, offering 1ittle opportunity
for absorption of -toxic constituents by the respiratory tract (although
absorption by the -iges ©¥s possible; see Section 3.6.4.2.).
Particles of sm° . ..cizr may ks deposited 1in the thoracic (1.e.,
tracheobronchital an? alveolar) reglons, to a degree which is dJdependent on
type of breatfitng (1.e., oral or nasal), breathing flow rate, and particie
characteris’ics. Insoluble particles deposited in the tracheobronchial
regton normally are cleared within hours, whereas those deposited 1n the
alveolar reglon would be expected to remain for weeks, months or longer
{U.S. EPA, 1982b)

Particles of =10 um are almost all deposited extrathoracically
during nazal breathing. .Ourirg mouth breathing =35% are deposited trache-
obronchially, but sti11 practically none reach the alveold. As particle
stze decreases, the fractions reaching the thoracic region and passing to
the alveol) increase. Alveolar deposition 1s greatest (=25-65%) for

particles 1in the range of 2-4 ym. Nearly all particles smaller than

2 um reach the alveol), but many (=50-80X) remain suspended and are




exhaled (U.S. EPA, 1982). However, some conventions conservatively assume
phat none is expaled; ‘thus, >804 of particles smaller than 2 uym are
considered to be denosited in the alveoil, 'and for particles =4-10 um,
<30% are alveolar :nd >50% are depusited in the tracheopronch1a1 region (Ad
Hoc Working wuwroup of Tfechr . Cownittee 146-Air Quality, International
Standards Organ®zdation, :°81;.

Deta collected by dichoinmous s.apier are roughly amznable to exposure
estimates. The avtratro-acic fraction ts 3pproximately excluded by an upper

stze cut-off, wusually =15 pm.  Trus, all a2rosol sampled s assumed to

‘reach the thoracic reg:un. The codrse aerosol from the dichotomous sampler .

Ys genzrally taken to represent the tracheobronchial fraction, and the fine
aerosc: to be the alveolar fraction (Dzubay and Stevens, 1975). This
assumption s a reasonable epproximation Af all particles reaching the
alveol) are assumed to be deposited, as mentioned above. In actuality, as
also has been discussed, the mode of the alveolar deposition curve Vs at
2-4 ym, and Ys wusually divided by the size cut between fine and coarse
fractions. However, for the surposes of this document, the conservative and
simplifying assumpticrs will be made that the fine fraction s 100% deposit-
ed Yn the alveoll, anc the conarse fraction is 100% deposited in the tracheo-
bronchial region.

The NASN monitoring data were collected using high-volume samplers,
which sample L0% of particles oé 30 uym and some particles of up to 10C
wm (Pace and Frank, 1983). Dichotomous sampler data from around the
country - indicate that of the marganese sampled (particles 0-15 um), an
average of ~28% and =~ raximum of ~66% 1s in the fine (<2.5 um)
fraction (Davis et al., unpudlisted manuscript; see Section 3.6.1.3.). The

dichotomous sampler collects an average of ~56% and a maximum of ~76% of
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the TSP coliected by the high-volume sampler {Pace and Ffrank, 1983; see
Section 3.6.1.3.). Assuming similar percentages for manganese, and assuming
daitly 1inhalation of 20 m3 of air, human inhalation exposure to manganese
can be-estimated rfrom NASN data as follows:
Alveolar depostition (pg/day) = Amblent concentration (pg/ma)
X Fin2/70S X DS/TSP X 20 m3/day
Total thoracic deposition {ug/day) = Ambient concentration (ug/m3)
X 0S/TSP X 25 m /day

where Fine/DS = Fine-fraction manganese/total dichotomous-sampler manganese
and 0S/7SP = Dichotomous-sampler particulate/high-volume-sampler particu-
late. Both alveolar and total thoracic deposttion are estimated since both
could have some raole in causing adverse effects. Both average and maximum
values for ambieqt concentration, Fine/DS, and DS/TSP are used for estimat-
ing average and maximum exposures.

The most recent (1982) ambient atr mohitor1ng data for the urban United
States show a medYan quarterly manganese Jlevel of 0.023 pg/m3, and a
high quarterly value of 0.661 ug/m3 (see Table 3-20). Amblent levels
reaching ~10 ug/m3 were observed near sites of manganese alloy manu-
facture during the 1960s (U.S. OHEW, 1967; NAPCA, 1970). These levels are
of interest because they are relatively recent and could have had some
bearing on health studles conducted during or subsequent to that period.
However, suzh leveis evidently are no longer occurring in ambient air.

Exposure estimates derived from these data are presented in Table 3-30.
Alveolar deposition of-manganese at current ambient levels 1s estimated as
0.072 ug/day (average) and 6.5 ug/day (high). Estimates of total thor-
acic deposition are slightly higher. Alveolar and total thoracic deposition

under high exposure ccenditions in the 1960s were estimated to be as high as

100 and 152 ug/day, rcspectively.
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TABLE 3-30

tstimates of Human Inhalation Exposure to Manganese in Ambient Air*

Exposure Tyue Deposition Site

Awbient Concentration Fines0S 2S/7SP [nhalation Expesure
(ug/m3) (m3/day) (wy/day)
1982 average alveolar 0.023 0.28 0.56 20 0.0712
total thoracic 0.023 - 0.56 20 0.26
1982 high alveolar 0.661 0.66 0.76 20 6.6
tota thoracic 0.661 -- 0.76 20 10.0
1960s high alveolar 10 0.60 0.76 20 100
total thoracic 10 -- 0.6 20 152

*See text for ‘explanation and quaiificetions.
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2.0.4.2. INGESTION -- Humans  ingest  manganese from three main
Sources: diet, drirking water and inhaled particles c¢leared from the
DX respiratory tract.

w0 reccmmended dAtly allowance has been established for manganese,
although Yt Ys recognized as essential (U.S. FDA, 1978). Various estimates
have been made of average cally dietary intake of manganese by adults in the
United States {Table 3-31); most recently, average consumption was estimated
by the U.S. FDA (1978). This estimate was bhased on a market'basket survey
cf Y17 frequently eaten foods (the "Total Diet -- Adult") collected 'n 1976
in four United States geographic regions. ihe diet, including driniking
water, was analyzed for several minerals, 1including manganese. Results
expressed in terms of caloric intake were 1.28 mg Mn/i1000 Caiorles. At the
3000 Calorie/day intake recommended for 3 15 to 18-year-old male, average
manganese intake would be 3.8 mg/day. Assuming a body welght of 70 kg, tnis
amounts to an intake of ~0.054 mg/kg/dav. It should be kept in mind that
substantial varjabtlity in real intake levels s expected, as discussad in
Section 3.6.3. The dally intake of manganese by bottle and breast-fed
g tnfants s much lower because of the luw concentrations of manganese n bo.h
breast and cow's milk (Table 3-32). Manganese Irtake increases with age, as
the tyce of feeding chaﬁges, from 0.062-0.004 mg/kg/day in 1infants, to

0.06-0.08 mg/kg/day in children.
In public water supplies, the median manganese concentration at the tap
is 4 ug/% (see Table 3-29). Assum1nj daily aduit consumption of 22
of water, 1t Vs apparent that the resulting manganese intake of 0.008 mg/day
was a very small contribution to the above "Total Dlet" estimate of 3.8
mg/day. On the cther harnd, manganese concentration at the 99th percentiie

in private wells was 977 yug/%, and therefore it should be recognized
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TASLE 3-31

Dietary Intake of Manganese in tne U.S.

Group Average Dailly Intake Referen‘e
(mg)
hdults, college women 3.7 North et al., 19560
Adults 2.3-2.4 Schroecer et al., 1966
Adults, males 3.3-5.5 T*pton et al., 1909
Adolescents (15-18 years), 3.8 U.S. FLA, 1978
males
3-88
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TABLE 3-32

Intake of Manganesc from food by Children

03l - Intake

Age Type of Ffeeding Dally Intake of Mn .~ mg/kg Reference
of Mn n mg Body VWelght
1 week NR 0.0064 0.00? Widdowson, 1969
0-3 months NR NR 0.002-0.004 Belz, 1960
1 mcath breast milk 0.0 NR Mcleod and Robinson, 1972
1 month cow': milk 0.024 NR Mcleod and Robinson, 1972
3-4 months mixed feeding 0.2 NR Mcleod and Robinson, 1972
5-6 months mixed feeding ; lus 0.4 NR Mcleod and Robinson, 1972
: cow's mi)lk
3-5 years mixed feedling 1.4 0.08 Schlage and Wortberg, 1972
1-9 years mixed recding 1.1 NR Belz, 1960
10-13 years mixed feeding 2.2 0 So Schlage and Wortberg, 1972
3 months-8 years mixed Feeding NR J.06 Alexander et al., 1974
3-12 years 1n§t1tut\onal diet ) NR Murthy et al., 1971

NR = Not rercried
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that in oxtreme ‘nstances tne drinking water contribution (=2.0 mg/day)
could be substantial. This contribution could be even more substantial for
small  c¢hildren consuming 1/da§ {~1 mq Mn/day), when compared with
dietary intakes for children (see Table 3-32). In most cases, however,
drinking water 1s not a significant contributor to manganese ingestion when
compar=d to dieat.

{learance of particlcs from the respiratory tract Ys an even smaller
source. Even assuming 100% deposition and clearance to the gut of inhaled
particulate manganese, current ambient exposure {see Table 3-30) results in
5.00026 mg/day (average) or 0.010 mg/day (high). High amblient exposures
during the 1960s could have resulted in the ingestion of ~0.15 mg/day.

Therefore, for all practical purposes, ingestion of manganese s deter-
mined solely by diet. Estimates for average exposure riange from 2.3-5.5
(see Table 3-31), but some variability should be expected due to the widely
varying manganese content of foodstuffs.

3.7. SUMMARY OF GENERAL PROPERTIES AND BACKGROUND INFORMAT"ION

3.7.1.  Chemical and Physical Properties. Manganese 1is a ublquitous
element inp the earth's crust, in water and in particulate matter in the
atmosphe:e. In the ground state, manganese s a gray-white metal resembling
fron, but harder and more brittle. Manganese metal forms numerous alloys
with tron, aluminum and other metals (Matricard! and Downing, 1981).

There are numerous valence states for manganese, with the divalent form
giving the most stable saits and the tetravalent form giving the most stable
cxide. The chlorides, nitrates and sulfates of manganese {I[) are highly
soluble 1in water, but the oxides, carbonates and hydroxides are only

sparingly soluble. The divalent compounds are stable in acid solution, tut
are readily oxidized in alkaline conditions. The heptavalent form s found

only ‘n oxy-compounds {Reldles, 1981).
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3.7.2. Sampling and Analysis. Sampling of manganese in amblent air may
be carried out by any of the methods used for collecting atmospheric
particulate matter. High-volume samplers with glass fiber filters are
widely used by the NASN and by state and local agencies {Thompson, 1979).
These .samplers usually fYlter =~2500 m3 of alr In a 24-huur sampling
pertod. High-volume samplers may 3lso be operatea with filters composed of
organic membrane.

If information on particle stze Vs desired, other types of sampling
devices dre used. Currently, the type most widely used s the dichotomous
sampler, which separately collects fine (<2.5 um) and coarse (>2.5 um)
particles. The upper size limit of coarse particles may be set at 10, 15 or
20 ym by a size-selective 1inlet. Farticles are wusually collected on
teflon filters, and sampling time varies from 2-24 hours (Dzubay and
Stevens, 1975; U.S. EPA, 198la).

Sampling of source emissions presents special problems related to gas
temperature and flow rate, which affect cholce of filtering medium, sampling
rate and sampiing equipment. Isokinetic or equivalent flow rate into the
sampiing probe 1insures representative sampling; membrane filters are not
used at high temperatures; and collection of condensate after the filiter may
also be necessary to prevent complications. Automobile exhaust may be
diluted with air to prevent condensation in the sampiing train.

Water, soil and food are collected for manganese analysis Ly the usual
techniques insuring representative sampling without contamination. Blologi-
cal matertals such as urine, blood, tissues, hair, etc., are collected and

stored sc as to prevent contamination by dust; no other spec)al procedures

are required when sampling for manganese analysls.
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Sample preparation prior to analys's 1s necessary unless a non-destruc-
tive analytical technique Vs used. Solid samples may be acid Jigested, with
or without prior ashing of organic matter Extraction of particulate from
glass fiber filters ts done by sonification in heated, mixed acid without
ashing (U.S. EPA, 1983a).

Hanganese 1n an aqueous sample may be preconcentrated by rvaporatinan of
the liguid {Boutron and Martin, 1979). If other interfering substances are
present, however, a preseparation step may be requirea. Preseparation may
be accomplished by chelation, ton cvrhange or coprecipitation.

One of the most popular analytical techniques for metals including
manganese s atomic absorption spectrophotoinetry (AAS). Optical emission
spectrome®-, (0ES) has been used for analysis of metals from glass fiber
filters; inductively coupled argon plasma (ICAP) 3}y the excitation method
currently used by EPA with this technique (U.S. EPA, 13983b).

The above are destructive methods. Non-destructive analytical tech-

niques used in multi-elemental analysis are X-ray fluorcscence (XRF) and

neutron activation analysts (NAA). XRF )¢ the most coiumonly used method fof

analysts of particultes on membrane filters.

The detecion 1imits for any technique vary according to sampiing method,
sample preparation and analytica) method. Detection limits for manganese 1in
atr are as low as 0.002 ug/m3 (Dzubay and Stevens, 1975; U.S. EPA,
1979a).

3.7.3. Production and Use. Very 1ittle manganese 3is mined in this
country, some 1s mined domesticaily as low-grade ores, but most s imported.
Manganese alloys, manganese metal and many compounds of manganese are pro-
duced and used in the United States, however. Ferromanjanese and silico-

manganese are ferroalloys produced by the smeltinyg of manganese ore In an

3-92




P.63

clertric furpcca (Mairiaird® eona Downlng, 198!).  Manganese metal is

N produc;c by acid leaching or the ore, precipttation of other metals and
electrolysis of the solution. Hangan=se 3lloys and metal are then used to
Introduce mangarese into steal or nonferrous alloys.

iietallurgy, especially steel making, accounts for ~95% of United
Clates “imand for minganese (Reldles, 1981), ferromanganese production has
dccreased from 1148x10° tons In 1965 to <125¢10° tons in 1982.  Silico-
minganese production has decreased from 284x103 tons in 1968 to <7le03

tons yn 1982. ODemand for these products has diminished recently and imports
are increasing {Jones, 1982; ODeHuff and Jones, 1981; DeHuff, 1961-1980).
The remaining 5-5% of manganese demand is for a number of compounds which
aré ‘mportant in the <chemical iIncdustry and n battery manufacture.
Manganous oxide (Mn0), produced by reduction of manganese dioxide ore, 15 an
important precursor for compounds used as feed additives, fertilizers,

colorants and chemical intermediates. (Tlectrolytic Hr0 also produced

2’
from Mn0, s used in dry-cell battery manufacture. Potassium permanganate,

% produced oy oxtdation of Mn0
L/ 2

catalyst (Retdies, 1981).

ore, %¢ an \important oxidizing agent and

Methylcyclopentacienyl manganese tricarbony! (MMT) has been produced and
used 1n small quantities c¢s 3 fuel additive since 1958, Major use as an
sctane imp-over in unleaded gasoline {at 0.125 g Mn/gal) began in 1974, but
was discontinued in 1978 due to adverse effects on hydrocarbon emisstons
(U.S. EPA, 1977b). MMT contirues Lo be used at ~0.05 g Mn/gal in ~20%
of leaded gasoline (Hall, 1983).

3.7.4. Sources of Manganese in the Environment. Manganese 1s the 12th

most abundant element and fifth most abundant metal in the earth's crust.

While manganese does not exist free in nature, it is a major constituent In
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at least 10U minerals and an accessory element 1in more than- 200 others
(Hewett, 1932). Its concentration in vardous crustal components and ;oiis
ranges frem near zero to 7000 ug/g; a mean sodl content of 560 ug/g has
becen given (Shacklette et al., 1971). <Crustal matertals are an Iimportant
source of atmospheric manganese due to natural and. anthropogenic ac‘tivi-
ties (e.g., agriculture, transportation, earth-moving) which suspend dusts
and soilﬁ. The resultirg aerosols consist primarily of coarse particles
(>2.5 um) (D2ubay, 1980; Dzubay et al., 1981).

Manganese 1s also released to the atmosphere by manufacturing processes.
Ferromanganese furnace emissions are composed mainly of fine particulate
{<2.5 ym) with a Hhigh manganese_content (15-25%). Ferroalloy maﬁufacture
was the largest manganese emission source in 1968 (U.S. EPA, 1971). Current
estimates are not avaliable, but control technoiogy has Improved and produc-
tion volume has diminished. Iron and steel manufacture Ys also an important
manganese source. Minganese content of emitted particles 1¥s lower
(0.5-8.7%), but overail production volume 1s greater than for manganese-
containing ferroalloys.

Fosstl fuel comoustion also results in manganese release. The manganese
content of coal is 5-80 ug/g (U.S. EPA, 1975). Fly ash is about equal to
soll in manganese contert (150-1200 ug/g), but contains particles finer in
stze. This is an important manganese source because of the volume of coal
burned each year. Combustion of residual o%l1 s less important because of
Yts lower mangnese content. About 15-30% of manganese combusted in MWT-
centaining gasoline is emitted from the tatlpipe.

The relative Iimportance of emission sources influencing manganese con-
centration at a given monitoring location can be estimated by chemical mass

balance studies. Studles in St. Louls and Denver suggest that crustal
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sources are more important In the coarse than 'n the fine aerosol fraction.
Conversely, combustion sources such as refuse incineration and vehicle emis-
stons predominantly affect the fine fractton. In an area of steel manufac-
turing, the influence of this process was seen in both the fine and coarse
fractions {Dzubay, 1980; Dzubay et al., 1981; Alpert and Hopke, 1981; Liu et
al., 1982).

Another means of determining the influence of noncrustal sources ‘s to
compare the ratio of manganese and aluminum 1in an aerosol with that 1in
<211s. The derived enrichment factor (EF) Indicates the magnitude of influ-
ences from noncrustal sources. In most areas Ef for coarse aerosols 1s neer
unity, indicating crustal oritain, but EF for the fine fraction 1s substan-
tially higher, indicating a greater 1influence from noncrustal sources of
emission. |
3.7.5. Environmental Fate and Transpcrt Processes. A general overview of
man's impact on the geochemical cycling of manganese shows a nearly doubled
flux from the land to the atmosphere due to industrial emlssions, and a
tripled flux from land to oceans, via rivers, due to sol) loss from agricul-
ture and deforestation (Garrels et al., 1975).

Atmospheric manganese is present 1n several forms. Coarse dusts contain
manganese as oxides, hydroxides or carbonates at low concentrations (<1 mg
Mn/g). Manganese from smelting or combustion processes is often present in
fine particles with high concentrations of manganese as oxides (up to 250
mg/g). Organic manganese usually is not present in detectable concentra-
tions (Coe et al., 1980).

Oxides of manganese are thought to undergo atmospheric reactions with

sulfur dicxide or nitrogen dioxide to give the divalent sulfate or -nitrate

salts (Sullivan, 1969). Manganous sulfate has been shown to catalyze SO2
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transformation to sulfuric acid, but the manganese concentration necessary
for a significant catalytic effect has been disputed (Wright et al)., 1973;
Piver, 1974).

Atmospheric manganese 1Is transported by air currents until dry or wet
deposition occurs. In New York City, dry deposition occurred more quickly

for manganese than most other metals, because it tended tc be present 1in

larger particles. DOry deposition of manganese averaged 300-670 nq/cm2/

month, whcieas wet deposition was ~120 ng/cmzlmnnth (Kleinman et al.,
1975; Volchok and Bogen, 1973). Over much of the Unitted States 1in
1966-1967, wet deposition of manganese ranged from <10-540 nq/cmz/month
{Lazrus et al., 1970). Near a ferromanganese plant in 1964-1965, dry
deposition was as high as 19,300 ng/cmzlmonth.(NAFCA, 1970} .

In water or soll, manganese 's usually present as the divalent or ‘tetra-
valent form. Divalent manganese {present as the hexaquo jon) s soluble and
relatively stable in neutral or acidic conditions. Chemical oxidation to
the insoluble tetravalent form takes place only at a pH abo;e 8 or 9, and
chemical reduction of the tetravalent form occurs only at pH <5.5. .At
intermediate pH, ‘interconversion occurs only by microbial mediation
{Alexander, 1977).

Manganese tends to be mobile In oxygen-poor solls and Yn the groundwater
environment (Mitchell, 1971). Upon entering surface water, manganese 1Is
oxidized and precipitated, primarily by bacterial action. If the sediments
are transperted to a reducing environment such as lake bottom, however,
microbial reduction can occur, causing re-release of divalent manganese to
the water column {Kuznetsov, 1970).

The concentration of manganese '‘n lower organisms s much higher (by a

factor of 103-104) than in the surrounding water. However, the concen-
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tration factor s Jlower ()0-102) as trophic level 1Increases, 1indicating

that the element s metabolically regqulated. Thus biomagnification of

L manganese does not occur (Lentsch et al., 1972).

3.7.6. Environmental Levels and Exposure. Nationwide alr sampling has
been conducted in some form since 1953 (U.S. DHEW, 1958). Analytical
methodology has ‘tmproved and monitoring statlons have changed, complicating
any analysis of trends In manganese concentratisn. However, 1t is evident
that manganese concentrations in amblent alr have declined during the perilod
of record. The arithmetlc mean manganese concentration of urban samples was
0.11 yg/m3 in 1653-1957 (U.S. OHEW, 1958), 0.073 ug/m3 in 1966-1967
(McMullen et al., 1970), and decreased to 0.033 ug/m° by 1982 (Barrows,
1983). In 1953-1957, the percentage of urban stations with an aanual aver-
age of >0.3 ug/m3 was ~10%. By 1969 these had dropped to <4X, and
since 1972 the number has been <14%.
The highest manganese concentrations, with :ome observations exceeding
10 ug/ma. were seen In the 1960s 1in areas of 'ferromanganese manuracture
gi;} (NAPCA, 1970; U.S. DHEW, 1967). More recent measurements In these areas
e indicated decreases of at least an order of magnitude had occurred, although
definitive studies were not availladble.
In mos. cases where comparable data on total suspended particulate (TSP)
were avallable, decreasss in TSP also occurred, but were usually smaller 1in
magnitude than those for manganese. This would suggest that the obDserved |
reductions in manganese were m 2 than a simple reflection of TSP improve-
ments, iIndicating specific r=' <Jlons of manganese emissions.

Techniques for characterizing particle-size distributions for trace

metals in amblent aerosol are only recentiy avallable. Studies 1indicate

that manganese 1s assoclated with both fine  (<2.5 wum) and coarse




(>2.5 um) particles (Bernsteln and Rahn, 1979). The manganese zoncenira-
t1on in each fraction s highly vartable. On the average, <16% of manganese
in aerosol mass is found in fine pariicles; however, It is estimated that in
scme situations the fine fraction could contain as much as SO0%.

Manganese concentrattons in nonpolluted freshwaters are usually <20
ug/%, but may exceed 1000 ung/2 where polluted. The amount of manga-
nese in cuspension exceeds the amount in solution, except where acid mine
dratnage s prevalent (Kopp and Kroner, 1969). Concentrations in ground-
water typically are higher than in surface water (Hem, 1970}.

Three surveys of United States drinking water supplies have provided
data on manganese concentration (Durfor and Becker, 1964; U.S. OHEW, 1970,
Greathouse, 1783). Although concentrations >1000 g/t are found 1in
some, notably private, water supplies, ~35% of 31} supplies contain manga-
nese at <100 ug/t. A med)an concentration of 4 yug/e for public
supplies has been reported (Greathouse, 1983).

Total human exposure to manganese may be estimated from ‘nformation on
leveils in §1r, water and diet. Inhaled particles can be deposited etther
extrathoracically, ¥n the tracheobronchial region, or in the alveol}. Time
required for particle clearance and probability of absorption increases with
increasing depth cf deposition in the respiratory tract {U.S. EPA, 1982).
Deposition of manganese in the alveoll can be calculated from the ambient
concentration and the fraction opresent 1in fine particles. Thoracic
(tracheobronchlal plus alveolar) deposition 1s calculated from estimates of
the manganese found in particles <15 um in size. Alveolar deposition of
manganese at current amblient levels s estimated as 0.072 wug/day as an
average and 6.6 ug/day under high exposure conditions. Estimates of total
thoracic deposition are slightly higher; 0.26 ug/day ({average) and 10.0

pg/day (high). Alveolar and total thoracic deposition under the high
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exposure conditions (10 ug/m3) cf the 1960s were estimated to be 100 and
152 ug/day, respectively.

1 Dlet ts the main source of ingested manganese. Average acult intake has
been variously estimated at 2.3-5.5 mg/day. On a body-weight basis, expo-
sure 3Increases from 0.002-0.004 mg/kg/day 'n infants to 0.06-0.08 mg/kg/day
'n adults. DOrinking water usually comprises only a very small proportion of
total ingestion exposure. The median intake level vii drinking water 1s
~0.4u08 mg/day; but c¢an be as high as ~2.0 mg/day for some water
supplies. The ingestion of particies cleared from the respiratory tract is
an even smaller source, probably const*tuting no more than 0.0) mg/day under

the highest amblent exposure conditions currently observed.
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4. BIOLCGICAL ROLE AND PHARNMACOKINETICS
4.1,  BIOLOGICAL ROLE OF MANGANZSE

Manganese was shown tc be essential for growth and reproduction In rats
and mice as early as 1931 (Kemmerer et al., 1921; Orent anrd McCollum, 1931).
Later 1t was demonstrated that manganese prevented a skeletal abrormality 1n
chickens called perosis (Wilgus et al., 1936). Although manganese has been
shown to be essential for many species of animals, as yet there are no
welii-defined occurrences of ménganese deficiency Vi humans (Prasad, 1973;.
4.1.1. Btochemical Role. Extensive information s avatlable on the
interaction between manganese and proteins (Leach and Lilburn, 1978; Uiter,
1976; Prasad, 1978). The relationship between manganese and enzymes can be
classﬁf\ed into two cateqgories, metalloenzymes and metal-enzyme complexes
(Leaz~, 1976). The first iategory of enzymes is very limited, while the
enz.maes -hat can be dctivated are numerous.

G!* syl transferases are important enzymes 3in the synthesis of.po\y-
saccharides and qglycoproteins, and most of these enzymes require manganese
for nyrmal activiiy (Leach, 1971, 1976).

There 1s substantial experimental evidence that an impairment An glyros-
aminoglycan metabolism 1s associated with several symptoms of manganese
deficiency (Leach and Lilburn, 1978).

The most extensively studied manganese metalloenzyme 1s pyruvate car-
boxylase (Scrutton et al., 1972). Magnesium was found to replace manganese
as the bound meial to pyruvate carboxylase isolated from manganese-deficient
chicks.

4.1.2. Manganese Deficiency. Manganese deficlency has been demonstrated

In mice, rats, rabbits and quinea pigs. The main nmanifestations of manga-
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nese defictency are those assoctated with skeletal abnormalities, impatrad

grcwth, atasta of the newborn, and defects 1In lipid and carbchydrate

metabolism.

The skeleta: abnormalities of manganese deficiency are described 3s
abnormally fraglle bones, with shortening and bowing of the forelegs in
mice, rats and rabbits (Amdur et al., 1945; E11is et ai1., 1947; Pliumlee et
al., 1956}. This disease 15 knewn as perosis in chickens.

Manganese deficiency Jduring pregnancy in rats and guinea pigs proeduces a
congenital defect in the young characterized by ataxia (Hurley, 1968; Ever-
son et al., 1959). This defect is usually assoctated with loss of equilib-
riam, Yncreased susceptibility to stimul!, head retraction and tremors.

4 '.3. HManganese Requiroments. The min'mum dadly requirements of manga-
nese for laboritory animals vary with the specles and genetlic strain of
animal, the compasition of diet and the criteria of adequacy employed.

Mice, rats and raboits are unable to grow normally on milk diets
containing C.1-0.2 ppm manganese. The minimum requirment for manganese in
the diet of mice has not been established, but diets containing 50 mg/kg
manganese were adequate for growth and development of several genetic
strains [(Hurley and Thertaclt-Bell, 1974). Although the reguirement of
manganese for development &¢nd growth has not been adpquate]y studied,
Holtkamp and H.11 (1950) coni:luded that 50 ppm manganese in diet is optimum
for rats.

4.1.4. Summary. Altnough manganese has been shown to be essential for
many species of animals, as yet there are no well-defined occurrences of
manganese deficlency in humans. Manganese deficiency has been demonstrated

In mice, rats, rabbits and quinea pigs. The maln manifestations of manga-

nese deficiency are those associated with skeletal abnormalities, Iimpaired

——
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growth, ataxia of the newborn, and defects in 1ipid and carbohydrate metabo-
T¥sm.  Atthougn tne 1aily requirement of manganase for cdevelopment anc
JroWth hac not ceen adejuatesy stludted, It was accepicd that diots contaln-
Ing 50 mg/kg ranjanese -7 adequate for mest of the laboratory a ‘mals {NAS,
1Y
4.2, CIUPLUND DISPCSISIUN AND RELEVANT FAARMACOKINETICS
4.2.1. osorption. The main route of manganese absorption 15 the gastrc-
tntestiral (GI) tract. A&bscrptio. through the lung is considered to be an
additlonal route In occupationally exposed workers and in residents Hiving
tn industrialized areas with higher ambient air concentrations of manganese.
Skin absorption of incrganic manganese is not considered to occur to A
significant extent.

4.2.1.1.  GASTROINTESTINAL A2SORPTION -- food s generally the main
sourze of manganése. Therefore, the GI tract is the portai of entry of
manginese ind the absorption from the GI tract is the first step in manga-
nese metaboltism. Humen and animal studies show tha* on an average ~3¥% or
less of a single dose of radiolabeled manganese 1s absorbed from the GI
tract irrespective of the amcunt of stable carrier.

4.2.1.1.1. Human Studies -- Menz et al. (1969) studied manganese
absorption in 11 healthy fasied human subjects by administering 100 ull of

S‘an12 with 200 ug stable °°

MnC12 as a carrier. On the basis of
whole body counts performed da‘ly for 2 weeks the absorption of S4Mn was
calculated to be an average of ~3%. Similar absorption values were
obtained 1n six healthy manganese “miners (~3%) and six ex-miners with
cnronic manganese poisoning (~4%). These values couid be an underestimate

of the absorption because enterohepatic ~circulatiocn was not taken into

account but the authors considered this to be insignificant.
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4.2.1.1,2. Anteal Studles —- In an sarly study using rats Greerory
et a1, (13) estimated that 3.4% of a single orad Juse cantateing 0.1 ux f
Sﬁqn 1abeled manganese (as chluride) was  absarbed  from the intectin,
.rnis estimatlon was made on the bas!s of di“fereaces in biltary 54Hn
excretion after parenteral and oral administration. Pollack et al. (1965)
reported 2.5-3.5% absorption of a single oral dose of San {ds chleride
with 5 umoles stable carrier) in fasted rats. They measured whole-bndy
and gqut-free carcass radioactivity 6 hours after administration, T4
fraction apparent'y sosorbed ({V.e.. ihe gut-free carcass reteantisn) could oe
an underestimate due to the excretion into the intestine Similarly, Rabar
11976) and Kostial et al. (1978) reportad a 0.05% whole-dody ret-ntion va ue

54Hn (as chloride-carrier free) 1in

6 days afrter a single oral dose of
postweaning nonfasted rats. The very low value observed .n their experi-
ments can be explained by considerable loss of the absorbed manganese
through endogenous fecal excretion witnin 6 days after administration. [t
should also be mentioned that higher values obtatned in other studies might
be due to administration of the isotope to fasted animals.

Little Vs known about mechanis.as involved in manganese absorption. The

tn vitro experiments performed by Cikrt and Vostal (1969) show that manga-

nese absorption 1s 1ikely to occur in the small as well as in the large
Intestine. However, whereas manganese ts actively transported in the small
Intestine, there is only simple diffusion in large intestine. Miller et al.
(1972) found that in calves the upper sections of the small intesiine absorbd
far more 54Hn than the lower sections. Manganese excreted into the intes-
tine (billary excretion being the most important) 'is known to enter the

enterohepatic circulation. Cikrt (1973) showed that manganese excreted in

the bile is in a form more easily absorbed than manganese dichloride. He
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found tnal tne iniraduodenal uptake of bil'ary excrete. .aagane 35 abou!
3%%, wheroas only isa =¢ an equiv:lent dose of manganese dichior
tercd ‘atraduodenally was absus bey.

4.2.1.2. RESPIRATORY A3SORPTION -- There are -o quantitative :ita on

:tption rates for inhaied manganese elther a he or in arnimais. [t

. d35umeC that some hasic princinies considered by the Task Group on Metal
sccumulation (TGMA, 1973) can be appited to inhaled metals ‘n generdi. ...y
particles small enough (usually several tenths of um} to reach the alveo-
lar l\n?hg are tixely to be absorbed directly into the biood. An unspeci-
“ted fractien of the meta) initially deposited in the lung s expected to be
smoved by mucectlltars clearance and consecutively swallowed, > 5 under-

geling gastro1ntestihal < orption processes.

4.2.1.2.1.  Human Studles -- Mena et al. (1969) performed an jinhala-
tion study in 21 humen sublects exposed for 10 minutes elther to a nebuliz~d
aanueous solution ot S‘Hn:lz {7 normal controls and 10 exposed working
miners) or to a nebuliied aqueous suspenston of 54."ln203 {4 exposed
minessi. The estimated mean particle size of the droplets delivered througt
the nebulizer was 1 um. They found that about 40-70% {average 60%) of the
radloactivity initially located In the 1lung was recovered in the feces
collected wiihin 4 days after administration. The fate of manganese ox‘de
was Yi2ntiral to that of the chloride. On the basis of reglonal radlo-
dctivity measurements over differant parts of the thoracic and abdominal
cavities the authors assumed that the GI tract was a portal of entry for the
inhaled manganese. However, as stated by the authors themselves, absorption
of the inhaled mangznese directly from the lung cannot be excluded. The
duthors' assumption seems to be highly speculative and experimenta) data

presented are incomplete. Fecal excretion is the maln route of manganese
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excretion 2and reqlonal measurements ‘ndicating the movement of the isotope
through the body do not provide data concerning the direction of movement of
the tsotope through the Intestinal wall (1.e., whether 1t is detng absorbad
or excreted).

4.2.1.2.2. Animal  Studies -- Pertinent data regarding manganese
absorption from the lung in animals could not be Tocated in the available
Iterature. |
4.2.2. Distridbutton and Normal Tissue Levels. Distribution s the term
used to describe the uptere of the absorbed manganese by various tissues and
organs x pharmacoxkinetic studies after a single or repeated administration
of the radioactive tracer. Such data are alnost always obtained in arimal
studies. Human studies {gener3lly post-mortem analyses of varlous organs
end tissues) reflect the body and organ burden as a conseguence of the
Tong-term (1itfespan) intake of this essential element.

1.2.2.1.  HUMAN STUDIES -- A normal 70 kg man has a total of 12-20 mg
manganese in the body (Cotztas, 1958; WHO, 1981). Sumino et al. (1975)
found ~8 mg manganese in a group of 30 Japanese cadavers {15 :aales and 15
females, ~40 years old with an average weight of 55 kg). Muscles con-
tatned -~30%, 1liver ~20%, and the digestive tract ~15% of the total
amount. Manganese tissue levels in normal humans from thr2e different
studies (Kehoe =2t al., 1940; Tiptom and Cosk, 1963; Sumino et al., 1975) are
presented in Table 4-1 (WHO, 1981). Although some differences between these
studies are obvlous (probably due tc different analytical techniques used)
the highest concentrations were found in liver and pancreas (~1 ug Mn/gq
wet weight or more). Kidney concentrations were between 0.6 and 0.9 ug/y.
Lowest concentrations were found in brain, heart, lung, iIntestine and gonads
(usually between 0.2 and 0.3 ug/g), with extremely low concentrations

(<2.10 ug/g) in muscles, bone, fat tissue and spleen.
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Manganese in Human Tissues {(ug Mn/g wet welght)

TABLE 4-1

Kehoe et al., 194C

Tipton and Cook, 1963

Suatno et al., 1975

Tissue (emission spectroscopy) (emission spectroscopy) (atomic absorption)
Aorta - 0.1 .-
Brain 0.30 0.27 0.2
Fat -- -- 6.07
Heart 0.32 0.23 0.21
Intestine 0.35 -- --
Kidney 0.60 0.90 0.56
Liver 2.05 1.30 1.00
Lung 0.22 0.24 0.22
Muscle -- 0.06 0.09
Ovary - 0.18 0.19
Pancreas -- 1.10 0.17
Spleen -- 0.1 0.08
Testes -- 0.14 0.20
Trachea -- 0.14 0.20
Rib -- - 0.06

oL d
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In spite of appreciabls individual vartations of manganese concentrd-
tions in the liver, there is 1ittle varlation from one part of the liver to
another (Perry et al., 1973). Normal brain concentrations in adultis up to
0.6 ug Mn/g wet welght were reported (Fischer and Weigert, 1977). Larsen
et al. (1979) studied the topographical distributicn of manganese (As and

as well) in normal human brain tissue. Manganese was found to be assoctaleu

with the dry matter of brain tissue and, related to dry weight, equal con-

re

centrations were found in white and grey matter. Tiey also fourJ signifi-
cant differences between 24 different brain regionc studied. Mean values
were within the range from 0.133-0.449 ug Mn/g wet weight, with highest
values observed 1In the basal ganglta {t.e., nucleus caudatus, globus
pallidus and putamen). Similar results with highest concentrations in the
basal ganglla were also reported by Smeyers-Verbeke et al. {1976).

The levels in biological fluids (blood and urine particularly) will be
discussed in Section 4.2.5.1. concerning their significance in relation to
exposure.

4.2.2.2. AMIBAL STUDIES -- Distivibution studies in mice (Kato, 1963),
rats (Dastur et al., 1969) and monkeys {Dastur et al., 1371) show a high
uptake of radioactive manganese by liver, kidneys and endocrine glands, and
only minor amounts in brain and bone.

When mice were exposed to Mn0, by inhalation in concentrations of 5.6

2
and 8.9 mg/m3 and particle size of 3 um for 2 hours dally for 6 and 15
days, respectively, the hichest concentrations of manganese were found 1in
the kidney (10.8 and 8.4 mg/kg dry weight), 1liver (9.0 and 7.1 mg/kg),
pancreas (8.4 and ® 2 mg/kg) an¢ brain (5.9 mg/kg) (Mouri, 1973). After

intraperitoneal administratioan of radioactive manganese to rats, the highest

concentrations were found In the suprarenal, pituitary, liver and kidney

4-8
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tissue (Dastur et -~ +he uptake by glandular structures was also
high 1in menkeys :ritoneal injection of radioactive manganese
{Dastur 1.

Sche: ~(1981) studted regtonal distribution of manga-
nese - e rats. Two groups of six animals each were given
datly 1.p. injections «of elther 3 mg Maskg as HnC]2-4H202 or an
e «2lume of G.9% NaCl for 30 days. Of the thirteen reglons examined,
the st concentrations in normal rats were in hypothalsmus, coliiculi,

olfactory bulbs and midbraln. In treated rats all brain regtons showed an
increase, the greatest being in the corpus striatum which Increased from
~1.7 to 8.8 mg/kg dry weight. 0On a percentage basis the highest increase
was in the corpus callosum, 1300%. This study demonstrated that under these
conditions manganese Ys taken up by striatal, midbrain and thalamtc regions
at a greater rate than other brain areas. Thus, manganese s selectively
concentrated in areas of the extrapyramidal system, which may explain the
stgns and symptoms of manganism. |

In the portal blood most of the manganese may beccme bound to a
az-macroglobulin and removed from the blood very efficiently by the
Tiver. A small proportion becomes bound to transferrin, and enters the
circulation system to be transported to the tissues. This ox‘dition step
may be pérformed by ceruloplasmin (Gibbon :t al., 1976). Within a cell,
manganese s sequestered by mitochondria (Maynard and Cotzias, 1955).
Tissues rich in mitochondria (liver, kidneys, pancreas) contain higher
levels of manganese (Kato, 1963).

The early work of Ffore and Mortun (1952) showed the constancy of

manganese concentrations in different organs for a large number of specles.
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from thelr data ¥t 15 apparent that bones, 1iver, kidneys and some endocrine
glands (pltuttary in oparticular) carry higher manganese concentrations
ki (1.2-3.3 ug Mn/g wet weight) than other organs and tissues (0.18-0.65

ug/q). Brain concentration was 0.40 ug/qg and this value ‘s in agreement
with human values already discussed.
4.2.3. Excretion. Manganese 1s almost totally excreted via feces 1in
humans and animals (Newberne, 1973; WHO, 1981). Amounts of manganese
excreted via urtne, sweat and milk ire neqgligible compared to fecal excre-
tion. Variable excretion is assumed to be the ma\b mechanism n manganese
homeestasis (see Section 4.2.5.).

4.2.3.1. HUAAN STUDIES -- Quantitative data concerning manganese
excretion in humans are not avallable (WHO, 1381). Urinary excretion is low
indicating that only a small fraction of the absorbed manganese is excreted
via that route. Concentrations in urine in unexposed and exﬁosed people
=111 be discussed in Sectton 4.2.5.1.

4.2.3.2. ANIMAL STUDIES -- Animal studies clearly show that manganese

is ellininated from the body mainly via feces. Greenberg and Campbell (1940)

PG
d .

N

N

reported that 90.7% of a single intraperitoneal dgose of 1 mg S‘Hn to rats
‘uas found in the feces within 3 days after administration. In a subsequent

study Greenberg et al. (1943) tnjected intraperitoneally 0.01 or 0.1 mg of
SAHn to rats. and found that 27.1 and 37.3% of the respective dose was
collected In the bile within 48 hours. After lntravenous administration of
0.6 ug of manganese dichloride 1in rats 2% of the 1injected dose was
excreted into the bile within 3 hours {Tichy et al.. 1973) and 27% within 24
hours {Cikrt, 1972).

Adkins et al. (1980a) studied retention and subsequent clearance of

manganese after 2-hour inhalation exposure of Charles River CD-1 mice to 1.8
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mng Hn/m3 as Mn304 aerosol, with average rmass mediar diameter ~1.4
um. Seven data points were obtailned 'n 24 hours, each for a g-oup of six
mice. The exponentia)l curve fit to the data indicated that ~47, 27 and
14% of the manganese remained 4, 6 and 24 lours after exposure, respectively.

Klaassen (1974) estimated the billary excretion of manganese in rats,
rabbits and dogs after intravenous doses of 0.3, 1.0, 3.0 anc 10.0 mg/kg.
At the three lower doses the concentr2tion of manganese in bile was 100-200
times higher than in the plasma. Excretion into the bile increased as the
dose 3incredsed. However, aiter a dose of 10 mg/kg there was no further
tncrease In excretion of manganese into the bile, and a maximum excretion
rate of =8.5 wug/min/kg was attained. This indicates that a saturable
active transport mechanism may exist for manganese.

Although billary excretion s particularly important in adjusting the
manganese body load, bile is not the exclusive route of manganese excretion,
Under ordinary conditions, the bile is the nain route of excretion and
represents the principal regulatory mechanism, but experiments in animals
show conclusively that manganese 1s also excreted through the intestinal
wall (8ertinchamps and Cotztas. 1958; Kato, 1963; Papavasiliou et al.,
1966). In rats there 1s some evidence for the excretion of manganese
through the intestinal wall into the duodenum, jcjunum and, to a lesser
extent, the terminal 1ileum (Bertinchamps et al., 1966; Cikrt, 1873). In
dogs manganese s also excreted to some extent with the pancreatic Julce
(Burnett et al., 1952). It has been shown that while excretion by the
billary route predominates under normal conditions, excretion by auxiliary
GI routes may increase in the presence of biltary obstruction or with over-

loading of manganese (Bertinchamps et al., 1966; Papavasiliou 2t al., 1966).

4-11

+ ". ¥ g
—iaie —— - o R R M U o 1S

WYY




Pk

7By
o

Urinary excretion 1s Tow. Klaassen (1974) found that 1in rats 5 days
after 1intravenous dosing 99% of administered manganese was eliminated 1in
feces and only 0.1% in urine. Billary obstruction or overloading with
ranganese did not increase the wurinary excretion (Papavasiliou et al.,
1966). Horeover, the authors found that animals with rectal obstruction did
not exérete measurahle gquantities of 54Hn via urine within the 5-day
observation perlod. Only after injection of EDTA (ethylene diaminetetra-
acetic acid) did urinary excretion become predominant for 24 hours, after
which time fecal elimination was resumed (Kosal and Boyle, 1956; Maynard and
Fink, 1356).

4.2.4. Blological Half-time.

4.2.4.1., HUMAN STUDIES -- Mahoney and Small (1968} showed that the
disappearancé rate of labeled manganese from the body of three normal human
subjects can be described by a mathematical expression which 1s the sum of
two exponential functions. Each of these prccesses can be characterized by
a *half-time", one of which was 4 days and another which was 39 days. About
70% of the injected manganese was excreted via the slower pathway. In three
other subjects with a higher oral intake of manganese, a3 higher rate of
elimination was observed.

Cotzlas et al. (1968) studied the tissue clearance of manganese in three
groups of humans: healthy subjects, healthy manganese miners and miners
removed from manganese exposure but with chronic manganese poisoning. Arter
a single SJHn injecticen they found a different total body turnover of the
label for the three groups: 37.5, 15 and 28 days, respectively. Reglonal
determination of radioactivity of the liver, head and thigh showed differ-
ences among varlous body areas and differences among groups. The corre-
sponding turnover times for the three groups were: 1in the liver 25, 13 and

26 days; In the head 54, 37 and 62 days; and in the thigh 57, 39 and 43 days.

4.12
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4.2.4.2.  ANIHAL STUDPIES -- Britton and Cotzlas {1966) reported a two-
component whole body clearance rate for manganese in mice. 7he half-time of
the fast compcnent was 10 days and of the slow component, 50 days. A
10-fold * _veose Yn ihe dietary intake of manganese decreised the half-times
of the Ycotope by about 50%. The effect of dietary manganese levels on the
terminal elimination of manganese in mice was studiad by Suzuk? (1974). The
animals received an agueous solution of manganese chloride in concentrations
ranging frem 20-2000 mg/Q for 30 days before radiomanganese administra-
¢lon. The whole body clearance half-time was estimated at about 6 days in
the lowest concentration group. [t decreased to 3 days at a manganese
concentration of 100 mg/% and to about 1 day in animals receiving 2000
mg/%. The half-time of manganese in the brain was found to be longer than
for the whole body. 7This was also shown for rats (Dastur et al., 1969) and
for monkeys {Dastur et al., 1971). In rats the half-time in the whole body
was estimated to be 14 days, and in the brain it could ot be determined
during the observation period of 34 days. In monkeys the half-time in the
brain could not be determined after 278 days of observation, while the whole
body half-time was estimated to be 95 days.
4.2.5. Homeostasds. As pointed out by Rehnberg et ai. (1980), the normal
human adult effectively maintains tissue manganese at stable levels despite
large variatlons In manganese intake. Although some workers maintain that
this homeostatic mechanism 1s based on controlled excretion (Britinn and
Cotzias, 1966; Hughes et al., 1966; Leach, 1976), a critical review of the
evidence reveals that manganese homeostasis 1s regulated at the level of

absorption (Abrams et al., 1976a,b) as well as at the level of excretion.
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For instance, Lassiter et al. {1974) have prcvided evidence that the dletary
manganese level has a greater effect on manganese absorption than on excre-
tion of endogenous manganese and that both variable excretion and absorption
play Important rol:s 1in manganese homeostasis. In additlon, manganese
absorption ir rats is related to the dietary manganese level {Abrams et al.,
1976a,b;. In these experiments 54Mn absorption and metabolism were
studied in rats fed dlets containing 4 ppm (basal), 1000 ppm and 2000 ppm of
unlabeled manganese several days prior to a single ora) dose of 54Hn. At

different time Intervals after oral administration, the 54Hn concentration

was determined in various tissues. Four hours after administration all.

tissues from rats fed the basal diet continued to have higher 54Hn concen

tration than tissues of rats given higher unlabeled manganese in diet. The

54

effect of dletary manganese on tissue Mn concentravion following oial

dosing Yndicates *hat variable absorption is an ‘important factor in manga-
nese homeostasis (Abrams et al., 1976b). From 4-24 hours after acministra-

tion of low and high manganese cdiets to rats, the relative difference in

54Hn concentration increased in many tissues. This confirms that higher

54

levels of unlabeled dietary manganese accelerates Mn turnover after

absorption and tissue deposition. Suzuki (1974) reported an intestinal

54Hn in mice prefed d'ets having leveis of

54Hn observed 1in the

absorption of only 0.5-1.97% of
HnO2 ranging from' 20-2000 mg/kg. The retention of
whole body was inversely proportional to the dietary mangarnese level.
Absorbed manganese is almost totally excreted via tha intestinal wal: by
several routés. and these routes are interdependent and combinea to provide

an efficient homeostatic mechanism. Robert (1883) and Cohn (1884) are cited

by von Oet:iingen (1935) as the first to observe that manganese, after large

injected doses, wa. excreted in the feces and only traces appeared in
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ur‘ne.  Subsequent exreriments with ratc at a lower level (a 1 mg dose)
showed that 90% of the intraperitoneally adminstered dose appeared in the
feces within 3 days (Greenberg and Campbell, 1940).

Intraperitoneal adminisiration of 0.01 mg manganese to rats resulted 19
the biltary excretion of 274 of the dose within 48 hours; a “ose of 0.} :q
resulted tn 37% appearing in the bile (Greenberg et i1., 1943). Klaassen
{1974) estimated the biltary excretion oi mangdnese In rats, rabbits and
dons Gafter 1intravenaus doses of 0.3, 1.0, 3.0 and 13.0 mg/kg. Al the three
lower doses, the concontration of manganese in bile was 100-200 times higher
than ihat in the plasma. Excretton into the bile 1incredased as the dose
increased. However, after a dose of 10 mg/kg, there was no further increase
n excretﬁop of manganese into the bile, and a maximum excretion raie of
~8.5 ug/min/kg was attained. This finding indicates that an apparent
maxitum trarsport rate may exist for manganese. Autissler et al. (1982)
recently demonstrated that the intraperitouneal administration of the same
high dose of manganese (10 mg HnC12/kg bw) fcr a period of 4 months
resulted in increased brain accumulation of manganese in rats. This manga-
nese treatment gave rise to signiricant increases 'n the concentrations of
manganese in brain stem (359%), corpus striatum (243%), hypothalamus (138%)
and "rest of the bra1n; (119%) .

The efficient operation of the homeostatic mechanism 1s also reflected
by the fact that tissue manganese accumulation differs depending on the
routes .of administration of this metal. Thus, the results of Autissier et
al. (1982) contrast with those of Charn et al. (1981) and Rehnberg et al.
{1982). The results from Rehnberg et al. {1°82), summarized in Table 4.2,

demonstrate that the dose-related increases in manganese levels in brain and




HEAN YA e w—an .

St-v

Concentrations of Manganese in Liver, Kidney and Brain?d

TABLE 4.2

(ug/y wet welght)

PRI

Liver KVdney Brain
Nanganese
Concentrationb 24 40 60 100 15 135 224 24 40 60 100 WIS 135 224 24 40 60 100 130 224

(ppm) (days) (days)

S0 2.1 2.0 21 2.2 2.0 2.8 2.9 0.6 1.3 1.0 0.8 0.6 0.9 1.0 0.5 0.5

400 4.0 2.6 2.6 2.7 2.5 3.1 3.0 0.9 1.3 1.1 1. 0.7 1.2 V.2 0.8 0.6
1100 6.7 2.8 2.5 2.6 2.4 3.4 34 1.5 1.4 l.é 1.0 0.8 1.2 1.2 1.4 0.7
3550 17.0 4.6 3.5 3.3 13Ia 4.1 4.0 2.6 2.0 1.2 1.0 0.9 1.9 1.2 2.1 1.1

dAdapted from Kehnberg et al., 1982
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kidney resulling from chronic feeding with manganece varying from 50-3550
pom were not quite as high as one might anticipate. Chan et al. (1381) only
observed 4 smail increase (31%) In brain manganese concentration in rats
exposed to 278 -ppm Mn as MnC?z in the drinking water for over é years.
Liver values were up 45%.

Klaassen (1974) demonstrated that manganese s excreted into the blle
agalnct a tuncentration gradlent. On the other hand, Tichy and Cikrt {1972)
suggested that manganese may be transferred from plasma into the bile by
passive tran:ifer followed by a nonenzymatic coanplex formation in the bile.
However, in contrast to bile, plasma and liver contain 1igands with higher
affinity for manganese (Kiaassen, 1974). Thus, the transfer of manganese
from plasma to bile may be mediated by an act've mechanism.

Aithough normally billary excretion is particularly Important in requ-
Jating the body burden of manganese, this route of excretion is by no means
exclusive. This 1s because experiments in animals and humans conclusively
demonstrate that manganese is also excreted through the intestinal wall
(Bertinchamps and Cotzias, 1958; KXato, 1963; Papavasiliou et al., 1966;
Wassermann and Mihail, 1964). For instance, there s some indication of
manganese excretion through the rai intestinal wall into the duodenum, the
jejunum and, to a lesser extent, the terminal tileum (Bertinchamps et al.,
1966; Cikrt, 1972). Both of these routes of excretion contribute signifi-
c2atly toward the homeostasis of :issue contents of manganese. In addition,
manganese is also excreted to some extent with the pancreatic Juice (Burnett
et al., 1952); manganése excretion by auxillary GI routes may 1increase in
the presence of bililary obstruction or with manganese overloading (Bertin-

champs et 3a1., 1966; Papavasiliou et al., 1966).
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4 2.5.1. LEVELS IN BIOLOGICAL FLUIDS AND BIOLCGICAL INDICATORS OF.
EXPOSURE -- Concentrations of the metal 4in blological media have been
studted as ndicators of exposure. The correlations between the manganese
contents in blood and urine 4nd the findings of neurological symptoms and
signs have also been examined. Manganese coacentrations in boay fluids have
not, however, proven to be reliable indicators of exposure.

The mean concentration of manganese 'n the urine of nonexposea people s
usually estimated to be between 1 and 8 wg/%, but values up .0 Z2i
ng/% have been reported {Hortuchy et ai., 1967; Tichy et al., 1971).
Tanaka and Lieben (1969) have shown that a rough correlation may exjist
between mean urinary leve)s and average occunational aidr concentrations of
manganese, but in individual cases the correlation s poor. Horluchl et al.
{1967} and Chandra et al. (1981} have also assoctated tincreased mean urine
manganese levels with increased levels of manganese in the air.

Recent studies that used neutron activation and electrothermal atomic
absorption analytic procedures have shown that the average normal concentra-
tion of manganese in whole blood s 0.7-1.2 wug/100 m, and that manga-
nese concentration is much higher in the erythrocytes than in plasma or
serum (Cotzias et al., 1966; Cotzlas and Papavas%liou. 1962; Papavasiliou
and Cotzias, 1961; Papavasiliou et al., 1966; HMuzzarelli and Rocchetti,
1975; Buchet et al., 1976; Tsalev et al., 1977; Zielhuis et al., 1978; Oiehy
et al., 1966). The average manganese blood level In exposed workers seems
to be of the same order as that in ngnexposed persons, but some observations
indicate that heavy exposures to manganese may ‘ncrease the level of manga-

nese in the blood. Tsalev et al. (1977) found that workers exposeq to

=1 mg of manganese dust/m3 of ajr, for a pertod of 1-10 years, had blood
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tevels cf manganese averaging 11-16 wg/Q compared to a mean level of 10
wg/% in nonexposed persons. Varlations In plasma manganese concentira-
ticns in women may be assoclated with hormonal changes (Hagenfeldt et al.,
1973). Sliight seasonal (Horiluch! et al., 1¢67) and cdturnal {Sabadas, 1969)
variations in blood manganese concentrations (lower during summer, autumn
and at night) have also been reported. Manganese concentrations <id not
stifer among adult age groups (Horiuchl et al., 1967) and several studies
tndicate that there s no difference in the concentration of manganese in
the blood of men dnd women (Horlucht et at., 1967; Zhernskcva, 1967; Mahonoy
et al., 1969; Versieck et al., 1974).

There s only one study indicating a correlation between the manganese
blood and urine levels and the findings of neurologiral symptoms and signs
(Horiucht et al., 1970). Using the results of medical examinations per-
formed in three groups of workers employed in cruching manganese ore, manu-
facturtng dry-cell batteries and electrodes, Horiguch) et ai. (1966), found
a tendency ‘oward anemia as determined from the specific gravity of wholz
blood, a decrease in white blood cell count, and an increase in neurological
findings. A significant assoctation was reported (p<G.05) between the urine
manganese level and the neurological findings for all the groups taken
together. [n the manganese oite-crushing workers (the group with the highest
mean exposure), a significant association was determined between manganese
levels in the whole blood and urine and in the neurnlogical findings. Other
investigators reported that the manganese of blood 1s unrelated to c¢linical
nevrological findings (Rodier, 1955; Penalver, 1955}).

The determination of manganese In feces has been recommended as a group
test for the evaluation of the level of occupational exposure to manganese

{Jindrichova, 1369). Manganase content in hair is normally below 4 mg/kg
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(Eads and Lamtdin, 1973). There is as ye' nd consensus on other biological
materials which could be used to monitor nmanganese exposure. (Chandra et al.
{1974) suégested ustng serum calcium to dilagnose early exposure, and subse-
quently found an increase in calcium In exposed welders (Chandra et al.,
1981).

4.2.6. Suzmary. Un the basis of human {HMena et al., 1369) and animal
data (Pollack et al., 1965: Kostial et al., 1378) 1t is generally accepted
that ~3% or less of a single ora! dose or manganese 1s absorbeu from the
Gl tract under normal conditions. There are nelther human nor animal data
suggesting the rate of absorption of manganese through the lung.

Manganese s widely distributed within the body in constant concentra-
ttons which are characteristic for individual tissues and almost independent
3/ the species (fore and Morton, 1952). The concentration of manganese
present in individual tissues, particularly in the blood, rema'ns remarkabfy
constant in spite of some rapld phases in manganese transport. The average
normal level of manganese in whole biood of humans ts 7-12 ug/%, while
the manganese levels in serum are normilly distributed around a mean value
of v.5-0.39 ug/2 (Versteck and Cornelts, 198C). The highest values of
manganese in hrmans are found n liver, kidney and endocrine glands which do
not exceed 2 ug/qg wet weight of tissue. Manganese penetrates the blood-
brain and placental barrier. Animal data indicate a higher manganese accu-
mulatton in suckling animals, esgecially in the brain (Kostial et ai., '978).

Fecal axcretion is the most important way of manganese elimination from
the Dbodgy. Biltary excretion s predominant under normal conditions
(Klaassen, 1974) although excretion via pancreatic juice and intestinal wall
are considered to be important 1in conditions of biltary obstruction or
manganese c¢,arload (Papavasiliou et al., 1966). In humans and in animals

urinary excretion is low (Klaasser, 1914).
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The total body clearance of manganese 'n humans can be described by a
curv2 which s the sum of at least two exponential functions with half-times
of 4 and 40 days, respectively. However, the physical significances of the
estimated half-times cannot be obtained from this data.

Manganese metabolism s rigorously controlied by homeostatic mechanisms.
The homeostatic control is primarily exerted at the level of excretion;
however, the site of GI absorption may also be an important control point.
Tne absorption, retention and exzretion of manganese are tlosely linked and
tnterrelated and respond very cffictently to an increase in manganese
concentration. The GI absorption depends not only on the amount ingested
and tissue levels of manganese, but also on manganese bicavatlability and
interaction with other metals. The way tissue concentrations influence the
excretory mechanism is stil} unknown. Bile is the most important route of
excretian.

4.3. SYNERGISTIC/ANTAGONISTIC FACTORS

The wdy In whi.h the body normally havdles manganese 1s affected by the
age of the individuai and by the status of other metals in the body. The
effect of iron stores has been the subject of several studies.

4.3.1. Interaction with Metals. |

4.3.1.1. HUMAN STUDIES -- Thomson et al. (1971) studied the intesti-
ral transport system for manganase and iron in subjects with three different
levels of iron stores: those with norm2l 1iron stores, patients with iron
defictency, and patients with endogencus iron overload. Administration of
manganese by 2 duodenal sonde In these patients showed that tne rate of

absorption was Increased in tron-deficient patients and that this enhanced

absorption could be inhibited by addition of iron.
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Recent balance studies performed 3n humans showed no effect of dietary
calcium on manganese balance. Price and Bunce (1972) studied the influence
of calcium intake ({300-1300 .»j; datly) on the balance of several essential
elements 1including manganese in 7- to 9-year-old girls. The researchers
concluded that the calctum intake in this study had no effect on manganese
balancrs.

4.0.1.2. ANDMAL STUDIES -- Considerable investigation has been made
of the relationship between iron and manganese. The addition of manganese
to dlets of several species of animals depleted of tron resulted 1in
depressed hemoglobin levels. Wilqus and Patton {1939) reported that add)-
tion of ferric citrate to ithe diet of chickens accentuated the severity of
perosis. Matrone et al. (1959) found that excessive manganese in the dlet
{2000 ppm) depressed hemoglobin formation in both rabbits (~B88% of control
levels) and baby pigs (~50% of control levels). The minimal level! of
manganese in the diet that Interfered with hemoglobin fermation was esti-
mated to be 50 and 125 ppm, respectively.

The 1interaction of 1iron and manganese metabolism in rats was also
studied by Diez-Ewald et al. (1968). “hen iron absorption was increased in
iron ceficiency, manganese absorption was also increased. Decreased firon
absorptien In iron loaded animals was associated with decreased manganese
absorpticn. The body compensated for changes in manganese abscrption by
Increasing manganese excretion in iron-deficlent states and decreasing
manganese excretion in iron loaded states.

Kostial et al. {i980) found that increasing the firon content of milk
decreased the whole body retention of orally administered 5“Mn by a factor

of 10 in rats fed milk with or withosut 100 ppm iron additive. Thomson and

Valberg (1972) and Thomson et al. (1971) studled the interralationship of
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the intestinal transport system for manganese and 1iron Dy using the
technique of open-eiwed duodenal 1saps in control and iron-deficient rats.
They found that manganese competcs with dron and cobalt in the process of
dptake from the lumen into the mucosal cells and in the transfer across the
mucosa into the body.

Hanganese \ﬁteraction with othei elements such as Zn, Cu, Cr, Co, Cd,
43, In, kY and Se have also been described (Doyle and Pfander, 1975; Jacobs
et al., 1578; Burch et al., 1975, Schroeder et al., 1974; Schroeder and
Bason, 1976). Most of these interacticns occurred at the level of gastro-
tntestinal absorption and under specific conditions, 1.e. the concentrat.ons
of other nonessential elements exceeded the normal levels by several corders
of magnitude. These interactions are not discussed because of their limited
relevance to evaluiting the human health risk of manganese Inn3lation.

4.3,2. fEffect of Age.

4.3.2.1. HUMAN STUDIES -- Ceveral studies 1In cate that age s an
important factor in manganese absorption and retention starting with the
fetal stage through aZu't 1ife. Studles by Schroeder et al. (1966) and
Widdowson et al. (1972) ronfirm that human placental transfer of mangan2se
takes place.

In contrast to some other essential metais, manganese levels in the
fetus 4nd newborn are similar to adult 1eve1§ (Fischer and Weigert, 1977;
Casey and Robinson, 1378). The exception seems to b2 bone, where fetal
concentration is higher than in the adult (Casey and Robinson, 1978; Sumino
et al., 1975). In fetal liver and kidnoy, concentrations of ~0.94 and
0.45 mg/kg have been found (Casey and Robinson, i978). In the newborn,

corresponding vatues were 0.52 and 0.48 mg/kg, respectively (Fischer and
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Heigert, 1977). Wicdowson et al. (1972) reported that there was no consis-
tent change in the 1iver with age in 30 fetuses from 20 weeks of qestation
to full term but that generally manganese concentrations in full-term livers
were 1-S% higher than concentrations in adult livers. |

In contrast to manv other trace metals, manganese does not accumulate
significantly in the lungs with age (Newberne, 1973). In lungs of both the
adult and the fetus, average concentrations of ~0.2 mg/kg manganese have
heen repcrted (Schroeder et al., 1966; Sumino et al., 1975; Casey and

Robinsen, 1978).

Data reported by Fischer and Weigert (1977} 1indicate a tendency to '

decreasing renal! manganese levels above age 50. Da.. reported by Schroeder
et al. (1966) show a difference between subjects 20-43 and 50-59 years of
age. Anke and Schneider (1974) report a slightiy higher mean concentration
of manganese in females than in males.

Several studies 1indicate that manganese penetrates the placental barrier
and that manganese 1is more uniformiy distributed iIn fetal than in adult
tissues (Koshida et al., 1963; Onoda et al., 1978). Koshida found that
fetal tissue concentrations of manganese except kidney and liver were higher
than cencentrations of comparable adult tissue. Onoda et al. (1978) found,
however, that 311 measured fetal tissues {including kidney and liver) had
higher concantrations of manganese. At a later embryonic stage manganese
accumulation takes place parallel to ossification (Koshida et al., 1963).

4.3.2.2. ANIMAL STUDIES -- Rabar (1976) and Kostial et a.. (1975)
observed much higher manganese absorpticn in artificially fed suck!ing rats

S‘Hn in older animals fed on milk

than in adult animals. Absorption of
diet was also higher (6.4%) than in rats on control diet (0.05X%) but never

as high as in newborn rats. These results indicate that both age and milk
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diet cauce very nigh absorpticn {40%) of manganese in the immatyre. The
addition of manganese 1o milk decreased the percentage of absorption of
San 'n both suckling and adult rats, Inddcating the existence of a
hcmeostatic contral mechanism in neonates which, however, seemegd to be less
effective In newborns,

Mi1ler et al. (1975) found that neonatal mice did not excrete manganese
for the first 17-18 days of 1ife, although absorption as well as distribu-
tion, tissue accumulaticn and mitochondrial accumulation of elemental
manganese was vigorous. This suggested an Iniitally 2vid accumulation of
manganese that was supplied in trace amcunts in the mouse milk (54 ng/me).
The npresence of high absorﬁtion coupled with the absence of excretion
resulted in a marked rise of tissue manganese In the neonates from an
exceedingly low to a very high level,

The tissue accumulation in the br;in was particular’ly impressive as the
braln can be suscentibie to both manganese polsoning and deficlency. Miller
and Cotzias (197/; noticed an absence of manganese excretion during the
first 18 days of 11fe Yn neonatal rats and kittens. However, when lactating
mothers were given drinking water with concentrations of manganese ranging
from 40-40,000 mg/2, t*- ~tation barrier appeared to glve adequate pro-
tection to the young e level exceeded 280 mg/t, newborn animals
inttlated excretion before the 16th day of 1ife. The reonates showed a
greater accumulation in the brain than thelr mothers, whereas the increase
in Jiver concentrations was proportional to the concentrations Ffound In the
1iver of thelr mothers.

Silbergeld (1982) reports ihat clder rats (24-32 months) had greater
striatal dopamine levels than younger rats (2-3 months) when manganese
acetatz was added to the drinking water. Thus, the ageing brain 1s

suggested as an organ of special sensitivity.
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Kostlal et al. (19738) found a difference hetween 54Hn distribution in
FEN the newborn as compared to older rats. Most striking was the 34 times
: higher manganese uptake In the brain of 6-day-old sucklings &s compared to
adult females. These findings suggest that the nconatal brain may be at a
higher risk of reaching abnormal concentrations than are other tissues.
Rehnterg et al. (1980) found that the tissue distribution of manganese ox'de
In preweanling rats after oral exposure was: liver > braln % kildney >
testes at 18-21 days of age. Subsequent studles of longer auration (Rehn-
derg et al., 1981, 1982) gave similar results and indicated the dietary iron
deficlency caused a greater accumulation of tissue manganese. These authors
concluded that maximum mangenese oral abscrotion 2and retention in rats
occurs during the preweanling period. Cahill et al. (193C) found that
preweanling rats retained up to 12 timés mare mangarese when the chloride
was Ingested cempared to the oxide.
4$.3.3. Summary. It s generally accepted that under normal conditions
3-4% ¢f oraily ingested manganese is absorbed in man (Mena et al., 1969) and
5' 3 other mammalian species (Polisck et al., 1965). Gastrointestinal absorption
- of manganese and iron may be competitive (Mena et al., 13969; Kostial et al.,
1980). This interaction has a limited relevance to human risk assessment
under normal conditions. However, it does lead to the hypothesis that iron-
deficlent Individuals may be more sensitive to manganese than the normal

individual.

Evidence 1is accumulating that during ma.amaltan development manganese
absorption and rétention are markedly increased (Kostial et al., 1978)
giving rise to increased tissue accumulation of manganese (Cahiil et al.

1380; Chan ot al., 13983).
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Marnganese does penetrate the clone-nrain barrier and the placental

barrier. Studies in animals Indicate a higher manganese concentration in

suckling arimals, espectally iIn the brain (Kostial et>al., 1978).




5. TOXIC EFFECTS AFTER ACUTE EXPOSURE
5.1.  AHIMAL STUDIES

The average median lethal doses (LD_ ) observed In different animal

50
experiments are cresented in Table 5-1. These cata indicate some varience

aircng LD doses reported by different researchers, which may be attrib-

50
uted to the specific experimental design used (}.e., route of exposure,
chemical form, animal specles, or even age of animals). Generally, oral
doses are much iess toxic tham parenteral doses. Th. average LDSO values
range from 400-330 mg Hn/kg for oral administration of soluble manganese
compounds and from 38-64 mg Mn/kg for parenteral injection. These data also
show that the toxicity of manganese varles with the chemical form admin-
tstered to animals. It has been suggested that cationic manganese forms are
more toxic than the anionic forms and that the bivalent catton s ~3 times
more toxic than a trivalent cation (U.S. EPA, 1975). Although the permanga-
nate aniens are strong oxidizing agents whick show some caustic action, they
are relatively less toxic than the cationic forms. Obviously, ?insoluble
manganese oxide 1s less toxic than several of the soluble compounds (Hol-
brook et al., 1975). However, as seen from Table 5-1, it s very difficult
to cenclude from the data how the type of manganese fon influences tts tox-
fcity. Comparative intraperitoneal toxicity studies have shown that manga-
nesa is less toxic than many other metals (Franz, 1962; Blenvenu et al.,
1963).

Kostial et al. (1978) found that age plays ar important role 1in the
pharmacokinetics and toxicity of heavy metals. The highest oral toxicity of
manganese was found in the oldest and youngest groups of rats, as indicated
in Table 5-2. In 3- and 6-week-old rats a sharp decrease in toxicity was

noted when compared tc sucklings; LD50 values were Increased by a factor
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TASLE S-1

Acute LDgg Values for Manganese Compounds

Valence

Compound Exposure Animal LDsgq- Reference
Route {mg Mn/kq)
Hanganese 2+ oral © mouse 450 Sigan and Vitvickala, 1971
chloride oral rat 425 Sigan and Vitvickaja, 1971
oral guinea pig 400 Sigan and Vitvickaja, 1971
oral rat 410 Hclbrook et al., 1975
eral rat 475 Kostial et al., 1978
Manganese 2+ oral rat 836 Sayth et al., 1969
acetate
Potasstium T+ oral mouse 150 Sigcn ard Vitvickala, 1971
permanganate oral rat 150 Sigan and Vitvickaja, 197
: oral guinea pig 810 Sigan and Vitvickaja, 1971
Manganese 4+ oral rat 7400 Holbrook et al., 1975
dioxide
Manganese 2+ 1.p. mouse 44 Bienvenu et al., 1963
sulfate 1.p. mouse 64 Yamamoto and Suzuki, 1969
Manganese 2+ 1.p. mouse 56 Yamamoto and Suzuki, 1969
nitrate
Manganese 2+ 1.p. mouse 53 franz, 1962
chloride i.p. rat 38 Hclbrook et 21., 1915
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TABLE 5-2
{nfiuence of Age on Manganese Toxicity in Rats:
LDgg Values 8 Days after a Single Oral
Administration of MnCly*
Average and Range of LDgg \mg/kg) Values
Age in Weeks MnCly o 4HO0 Actual Mn Dose

2 804 (735-897) 223 (204-243)

3 ‘ 1860 (1655-2009) 516 (459-557)

6 1712 (1553-1887) 475 (431-524)

SN
B 18 850 (775-957) 236 (215-265)
54 619 (564-702) 171 (156-194)

*Source: Kosttal et al., 1978

5-3




P.100

of 2-3. In adult rats toxicity increased ag-in and reached values 1n the
oldest animals similar to those of suckling rats. The researchers suggested
that older rats might be more susceptible to metal loxicity due to a general
decrease Yn adaptive respensiveness, which is characteristic of the aging
process. [t Ys difficult to evaluate the coniribution of aging because the
animals were only about 1 year old. Increased toxiclty in sucxling rats
might occu: as a result of higher intestinal manganese absorption and higher
body retention, observed earller by some authors {see Chapter 4).
5.2.  HUMAN STUDIES

Acute poisoning by manganese is very rare. [t may occur in exceptional
" circumstances such as accidental or intentional ingestion of large amounts
of manganese comnounds. Dagly et al. (1973) described a case where exten-
sive. damage to *the distal stomach, resulting in pyloric stenosis, occurred 2
hours after 1ingestion of potassium permanganate (10 tablets of 300 mg
each). Mahomedy et al. (1975) reported two cases of lethal methemugliob’-
nemia induced by potassium permanganate prescribed by African witch doctors.

Manganese, aleng with other metals such as zinc, copper, magneshum,
aluminum, antimony, 1iron, nickel, selenium, silver and tin, has been
reported to cause metal fume fever in humans. Metal fume fever is an acute
effect of occupational exposure tn freshly formed metal oxide fumes of
respiraple particle size. The symptoms are similar to those of 1influenza
consisting of fever, chills, sweating, nausea, and cough. The syndrome
begins 4-12 hours after sufficient exposure and usually lasts for 24 hours

without causing any permanent damage. The mechanisms are not fully under-

stood {Piscator, 1976).
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